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Abstract

This thesis details the evolution of the crystallian of molecular organic compounds under
nanoconfinement. Within the confines of nanoponmadrices, crystals are limited to sizes comparable
their critical sizes, where their unfavorable soef@nergy outweights their favorable volume enefine
central contribution of this thesis is the crystaltion of glycine within nanoporous matrices. N4yme
crystallization of glycine by evaporation of aqus@olutions in nanometer-scale channels of coettell
pore glass (CPG) powders and porous polystyrenggioiethyl acrylamide) (p-PS-PDMA) monoliths,
the latter prepared by etching polylactide (PLAYnfr aligned PS-PDMA-PLA triblock copolymers,
preferentially results in exclusive formation ofetfs polymorph, which is not observed during
crystallization in bulk form under identical cordits. X-ray diffraction (XRD) reveals that the
dimensions of the embedded crystals are commeesuiittt the pore diameter of the matrpeglycine
persists for at least one year in CPG and p-PS-PDMtA pore diameters less than 24 nm, but it
transforms slowly tax-glycine over several days when confined withinr® CPG. Moreover, variable
temperature XRD reveals th@tglycine nanocrystals embedded within CPG are stabtemperatures at
which bulk B-glycine ordinarily transforms to the form in the bulk. XRD and differential scanning
calorimetry (DSC) reveal the melting of glycine parystals within CPG below the temperature at which
bulk glycine melts with concomitant decompositidie melting point depression conforms to the Gibb-
Thompson equation, with the melting points decraasiith decreasing pore size. This behavior permits
an estimation of the melting temperature of bdglycine, which cannot be measured directly owing t
its metastable nature. Collectively, these residsionstrate size-dependent polymorphism for glycine
and the ability to examine certain thermal progsrtinder nanoscale confinement that cannot benelotai
in bulk form. The observation of-glycine at nanometer-scale dimensions suggests ghaine
crystallization likely involves formation g nuclei followed by their transformation to the ethmore
stable forms as crystal size increases, in accdid ®@stwald’s rule of stages. When embedded in p-PS
PDMA, the nanocrystals also adopt preferred orteamia with their fast-growth axes aligned parallel
with the pore direction. When grown from agueousitsans alone, the nanocrystals were oriented with
their [010] and [0-10] axes, the native fast growlilections of the (+) and (-) enantiomorphs fof
glycine, respectively, aligned parallel with ther@airection. In contrast, crystallization in theepence

of racemic mixtures of chiral auxiliaries knowniitibit growth along the [010] and [0-10] direct®of

the enantiomorphs producgdglycine nanocrystals with their <001> axes negudyallel to the pore
direction. Enantiopure auxiliaries that inhibit stgllization along the native fast growth directmfonly
one of the enantiomorphs allow the other enantipimdo grow with the <010> axis parallel to the
cylinder. Collectively, these results demonstrdiat tcrystal growth occurs such that the fast-grgwin
direction, which can be altered by adding chiralikaries, is parallel to the pore direction. Thishavior
can be attributed to a competition between diffdyealigned crystals due to critical size effedtse
minimization of the surface energy of specific tayplanes, and a more effective reduction of tkaess
free energy associated with supersaturated conditichen the crystal grows with its fast-growth axis
unimpeded by pore walls. These observations sugtest the B-glycine nanocrystals form by
homogeneous nucleation, with minimal influence leé pore walls on orientation. Collectively, these
results suggest new routes for controlling crystafion outcomes and new studies on the exploratfon
crystal properties on the nanometer length scale.
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Chapter 1: Crystallization

Crystals surround us in nature and technology, yet are takendotedrin daily life. The
processes by which crystals form, known collectively as crystallizatieraften complicated and
difficult to control. In particular, polymorphism — the ability malées possess to adopt multiple
crystalline forms — presents one of the greatest challettgelesigning reliable crystallization
protocols. Each crystal form, also known as a polymorph, can exhilritqae set of physical
properties. Thus, polymorphs influence the performance of crygtelhdent products despite
containing the same molecules. Consequentially, polymorphism iseaf gnportance to any
sector that relies on crystalline materials. This is umdees in the pharmaceutical industry,
where polymorphism is heavily monitored by the Food and Drug Adimatien (FDA) and
regulated in patent laivCollectively, hundreds of millions, perhaps even billions of doHanse
been spent and lost over polymorph-related issues. Despite saifdierature existing on the
subject, no definitive method of controlling polymorphism exists,sangesearch into the causes
and control of polymorphism continues today.

This thesis research was performed to further understandipglyinorphism and related

phenomena, particularly during the early stages of crystdatian and growth. The remainder



Chapter 1: Crystallization
of this chapter introduces crystallization with emphasis on nasEleo©rganic crystals, that is,

crystals composed of organic molecules.

1-1: Crystal Nucleation Theory

The classic theory of nucleation was developed Gibbsimer? and others to describe the
process by which a sphere of liquid condenses from a vapor. Uinlikés and vapors, treated in
the theory as isotropic bodies with no internal structure, alsygxhibit both anisotropy and
structure. Despite this difference, Gibbs extended classileation theory to solids crystallizing
from melts or supersaturated solutions. The theory approximategst@l as a small sphere
growing out of an endless pool of homogeneous and disordered source Iméthaa this
process involves only the crystal and its source materialkitown as homogeneous nucleation.
Classic nucleation theory posits that crystal growth occurs by a-siddigon mechanism, where
a small cluster of molecules known as a nucleus grows by otielgat a time (Figure 1-1). The
formation of the nucleus is accompanied by a free energy chaége, (Equation 1.1), that is
the sum of a favorable volume contributio(*N) and an unfavorable surface contribution
(ysA). The volume free energy is the sum of the change in cheputantial, Ap, of each ofN
molecules as they transition from the source material to nystat The surface free energy
results from the creation an interface between the two pheitie an interfacial energy, and

surface area (Equation 1.1}

i . Athorough thermodynamic derivation of the atjons governing classic nucleation theory is piedi

in Appendix A.
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Figure 1-1. Growth by single addition. One molecule A adds to another molecule A to form a
two molecule nucleus, 2A. Growth continues by the addition of a single molecule A at a time.

AG, o =—-Apn-N+y- A 11

cryst —

The N particles of the spherical nucleus can be describedmstef the volume of the sphere,
with radiusr, and the molecular volumey, Likewise, the Gibbs energy associated with the
interface formation can be described in terms of the surfaze airthe sphere (Equation 1.2,
Figure 1-2). The change in chemical potential of the parti¢ias join the nucleus may be
rewritten according to thermodynamics for solutions, wiaatescribes the activity of the particle
prior to escaping the supersaturated solution (or supercooled metdt) dadcribes the activity of
a particle in a saturated solution (or melt at the ngli@mperature) (Equation 1.3)is absolute
temperature ank is the Boltzmann constant. In the limit of near infinite ddntthe activitiesa
anda* can be approximated respectively by the concentrati@amsic*, the ratio of which is the
supersaturationS (Equation 1.4). Alternate definitions faku exist for discussions of other

nucleation phenomenon (Table 1-1).



Chapter 1: Crystallization

crit
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s Auo N AGCI‘}’Sf (r)

Figure 1-2. lllustration of the free energy (AGcys) profile of a growing crystal nucleus as a
function of crystal radius, r. The energy profile results from the sum of the energetic benefit
associated with a species changing phases, -Ap * N, and the penalty associated with forming
an interface between the original and crystalline phase, y+ A. The profile goes through a
maximum, AGg, for crystals of size rg;. Crystals smaller than rg,; are expected to dissolve
spontaneously, however, crystals larger than r.; are expected to grow spontaneously. The
formation of these crystals is discussed in the text.

3
AGcryst:—4/3nr Ap+4nr?y 1.2
43’ )
AGy gy =— y len(%*)+4Trry 1.3
3
AGCw:—4/ Sur KTIn(9)+4n ry 1.4
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Table 1-1. Expressions for Au, Equation 1.2, for different nucleation events. All of these
expressions are contingent on the assumptions that the systems are ideal and that the
entropies and enthalpies of transitions are independent of temperature. The temperatures T; (i
= transition type) are the bulk thermodynamic transition temperatures, while T are the size-
dependent transition temperatures. The AH; are the enthalpies of the transitions.

Nucleation Event Ap Alternate Ap
o AH oy i T vap s T)
Vapor condensation into a liquid (vap) vap/ sub\ ' vap sub
or solid (sub) kTIn(p/m) T
vap/ sub
AH (T =T
Crystallization from solution kT In (C/ Co) @
sol
AH,,, (Tb — T)
Bubble nucleation in liquid —kT In ( p/ p)) _T—
b
AH™(T, - T)
Crystallization fom melt - T
m

Equation 1.4 describes a competition between the energetic beaiigdgfor particles
forming a new phase (e.g., a crystal) when driven by supersatueatd the energetic penalty
paid for forming an interface (e.g., the surface of thetafybetween the new and old phase. The
energetic profile of a growing crystal nucleus is a function of cryste) and is parameterized by
the radiusy. Notably, this size-dependent profile passes through a maximenerfiergy, which
can be determined along with the corresponding size WhA&g,s/dr = 0 (Equation 1.5). Nuclei
smaller than the size corresponding to this maximum dissplestaneously, owing to increasing
crystal free energy with increasing crystal size, howemaclei larger than this size grow
spontaneously. For these reasons, the size and corresponding maxeeuendrgy are the
critical radiusy. (Equation 1.6), and the critical enerd\G.x (Equation 1.7), respectively. The

free energy maximunG., is tantamount to the energetic barrier to spontaneous crystal growth.
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dAG 4mr?
cryst crit
— L = 0=—S KT INn(S)+8rr. 15
ar v ( ) EieY
2vy
“t KTlIn ( S)
2
AG,; :—4"3””“ 1.7

Equation 1.6 describes the dependence.@pfon supersaturation. For crystallization from
melts, the critical radius is instead dependent on supercooling (Equation 1.8 .cguationy is
the surface energy of the nucledd,is the molar mass of the compourd, is the melting
temperatureAH™ is the molar heat of fusiofi, is the supercooled temperature, anis the

crystal density.
2YMT_
rcrit = fus
AH ™p (Trn - T)

1.8
Classic nucleation theory assumes that a supersaturatetiorsobr supercooled melt
undergoes statistical fluctuations in concentration due to malemdtion, resulting in areas of
transient high and low supersaturation within the solution. Wittiia areas of high
supersaturation, the free energy of the solute may drive thmation of crystal nuclei, and if the
energy is sufficient to create nuclei of radius larger thanspontaneous crystal growth occurs.
The rate at which nucleation occudswith units of nuclei formed per time per volume, is highly
dependent om, T, andS, and is typically described by an Arrhenius relation (Equati®h The
use of the Arrhenius relationship for this purpose requires thergsion that nuclei form by the
single addition mechanism described above. Substituting equation 1.7L.Btgields the
Arrhenius expression for classic nucleation (Equation 1.10)y Ediémpts to measuré for

liquids nucleating from vapor facilitated the estimatiodpivhenJ, y, v, andS were known and
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Jo was assumed to be constant with respect to supersaturdtiese Teports revealeld to be
approximately 1& nuclei/cni s> The J, for a condensing gas was also calculated to be

approximately 18 nuclei/cni s using classic nucleation theory and the Kinetic-Molecular

Theory of Gase$.
J=J,exp-AG,, /kT) 1.9
16my°v?
J=J,e _— 1.10
° Xp(3k3T3 InZ(S)J

The presence of foreign substances in supersaturated sot#iossrve to lower the energetic
barrier to nucleation, and in many cases, reports of homogeneoustioncleere later revealed
to proceed by a heterogeneous route. The influence of a surface deating phase depends on
the contact angle, sometimes called the wetting angle, whiahs fbetween the surface and
nucleating phase when nucleation occurs at the surface. Thiseriofl is expressed
mathematically by the Young Equation (Equation 1.11 Figure 1-3).0h&ct anglef, results
from static equilibrium driven by the interfacial tensionsalsen the nucleating phase and the

surrounding fluidyy, the surface and the fluigly, and the nucleating phase and the surfgge,

YS| :’Yns-"_’Ymcose 111

Classic nucleation theory describes the influengeasf the energetic penalty paid for forming
the interface between a crystal and its surroundings. Frard#scription, it is clear that any
effect that might serve to lower the surface energy ohtldeating phase would also lower the
barrier to nucleationAG;. The effect of contact angle on the critical energy isrilseset as a

function, ¢(0), that modifiesAG.; to produce a critical energy for heterogeneous nucleation,
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Liquid/Fluid - “7

Nucleating Phase “n” )

Figure 1-3. lllustration of the static equilibrium described by the Young equation. Three
interfacial tensions, ys, Yne @nd v, are balanced by the contact angle 6 between the nucleating
phase and the surface. (A) The case of good wetting, where 6 < 180° (B) The case of poor
wetting, where 6 > 180°.

AG .t (Equations 1.12, 1.13)Any surface that permits wetting by the nucleating phase ¢ <

180°) will reduce the energetic barrier to nucleation relative to the honmgenmute, whereas if
the nucleating phase does not wet the surface ab atl 180°), the result is consistent with
homogeneous nucleation. In the limit of perfect wettiig=( 0°), the energetic barrier to
nucleation is zero and no nuclei need to form for a crystalaw,gvhich is the case when seed

crystals are added to a supersaturated sol(ition.

AG',, = 6(0)AG,, 1.12

crit

¢(e)=:11(2+ co®)( & cos)’ 1.13

Classic nucleation theory suffers from several deficienoiging to the assumptions made in
its development: (i) the theory assumes that thermodynamigplisable for systems with only
tens of particles, and that the macroscopic quantities suclrasAp remain unchanged on the
nanometer length scale. Thermodynamics is derived for a continuurforrdiscrete particles,
and nuclei of sizes on the order of one nanometer do not ghsépntinuum criteria, therefore

thermodynamics cannot be assunaegriori to be applicable to crystal nuclei; (ii) real crystals
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are neither spherical nor isotropic, and the addition of neviclesrto the nucleus depends on
both the new particle configuration and location of attachmenttirgsin the chemical potential
Ap having no clear definition even though one is assumed for thsickheory; (iii) the classic
theory assumeas priori that a nucleus grows by single addition of molecules at tHacsuof a
crystal; however, it does not account for the possibilitthefcrystallization of aggregates of pre-
crystalline molecules, the combination of multiple nuclei into onestal, or a multiple-step
nucleation process that involves transient intermediate stesst(iv) in the cases of the
formation of a crystalline solid from vapor, melt, or solutionrehis a change of symmetry
unaccounted for by the classic theory that occurs when the malepatk into crystals.
Furthermore, the classic description of nucleation negledististal mechanics, and this does not
account for the contributions of particle translational arndtianal states towards the nucleus
free energy. As a result, thermodynamic aspects of the phastotraation are missing from the
classic theory; (v) the kinetics of classic nucleation theaoe dependent on the system exhibiting
a slowly changing, near-equilibrium state, and a nucleation mechamnpasses through the
structure of lowest free energy. In reality, systems lyagehieve such a state during
crystallization; rather, the nucleation rate depends on the pliopbals the formation of a
structure and not the free energy. Evidence of the flawkagsic nucleation kinetics appears in
the pre-exponential factor — predicted to be approximatel{ ri@lei/cni for nucleation of
liquids from vapors — which varied between 10 td' bliclei/cni s in later experimental
measurements for crystallization from aqueous solufiofkis difference is noteworthy because
reports on the nucleation rates of crystals employed the laafjee for many years, leading to
drastic overestimates of the nucleation rate of crysimspite these issues, classic nucleation
theory remains a useful tool for understanding crystal grgivmomenon. Since the conception
of the theory, scientists have reformulated it severagim® The outdated analytical models for
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Chapter 1: Crystallization
crystal growth, however, have replacements in simulatiopsoging density functional theory,
statistical mechanics,molecular dynamic¥, Monte Carlo methodS, and various growth

models*?

1-2: TheCritical Size

Measurement of the critical size of crystal nuclei presanggnificant challenge, primarily
due to the difficulty researchers face in ensuring that ndioclen solely by homogeneous
nucleation. Early attempts to measure crystal nuclei sizdtedsin estimates of nuclei sizes
ranging from tert? to one thousantf,to one million molecule¥. Notably, the researchers in each
of these cases ignored the degree of supersaturation, which caa pawerful impact on the
critical size.

Recent reports describe attempts to measure criticabgifiéting kinetic data to the classic
theory and calculating.;. Boomadeviet al® studied the growth of urea crystals from methanol
solutions over a small range of low supersaturation valuesteangderatures. They reported
critical radii ranging from 1.5 — 7.3 A, corresponding to 0.2 — 22 mtasqer nuclei. Additional
work by other groups that employed the same technique generaieal site measurements of
3.5 -9.6 A (0.7 — 14 molecules) for potassium tetraborate tetrahyalnateger’ and 15 — 32 A
(50 — 490 molecules) for bis glycine sodium nitritén all of these examples the critical size
decreases rapidly with increasing supersaturation, howdnegnball size of some of the nuclei
reported, such as those containing less than one molecule per nsolggests that this method
does not always provide physically reasonable results.faihise is likely due to deficiencies in

the assumptions used to develop classic nucleation theory.
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Chapter 1: Crystallization

The critical size of ice nuclei has been explored by a numbeoutes, including grazing-
incidence X-ray diffraction, electron diffraction, and molecutgnamics simulationt. The
diffraction studies suggest ice nuclei exhibit critical sipe larger than 30 - 45 A (500 - 1200
molecules), whereas the molecular dynamics simulations sutgese nuclei form in unstable
30 - 50 molecule groups, with the critical sid&G.ys/dr = 0) corresponding to nuclei containing
150 molecules, and stable nucla&s: < 0) containing 500 moleculé$The experimental and
simulated results for the critical size of ice are in gog@ment, and are likely more accurate
than those described previously as they are not based upon classic nudieation t

The growth of crystalline monolayers of bis(ethylenedithiefoathiafulvalene triiodide,
(ET)als, on the basal plane of highly oriented pyrolytic graphite (BDBRIso exhibited critical
size-like behaviors. Initial reports of the growth of (BJpn HOPG revealed that the (EIE)
formed monolayers that were epitaxially matched to the diipstagraphite surfacg. A
subsequent study examined the growth of §T) circular pits etched into the HOPG surfate.
Formation of the monolayers near the edges of these pits vwasopd, and the rate of pit filling
was inversely proportional to the size of the pit. Remarkablpitinwith diameters of less than
100 nm, the formation of (E7} monolayers was suppressed completely.

Only direct measurement of the critical size can provide ctsnexedence on the nucleus size.
Yau and Veliko?® achieved the direct visualization of the nucleation of tfwen apoferritin
with atomic force microscopy (AFM). The large size of dip@ferritin molecules facilitated their
imaging via AFM, which revealed the assembly of the molacul® raft-shaped structures tens
of nanometers long (20 — 50 molecules) and 1 — 2 molecules Thiekiaft-shaped crystals grew
from chain-like aggregates of molecules that the authgestaf®rm in solution before settling on
the AFM substrate. Notably, the authors observed that theseuwh chains tended to dissolve
on their own if they did not combine into the raft shaped cryd&dsling them to speculate that
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Chapter 1: Crystallization
the chains of molecules were prenuclear aggregates. Notaélyeport by Yau highlights that
crystal nuclei are not spherical and can form in a multi-stepegs, which conflicts with the
assumptions made for classic nucleation theory. In generaatriticlei contain between 10210
molecules, depending on the conditions of their formation, and exiib# ranging from a few

angstrom to tens of nanometérs.

1-3: Crystal Growth

Upon surpassing the critical size required for spontaneous growtlstalmucleus begins
maturation towards its corresponding bulk crystal form. Reseesaebate the process by which
a crystal matures, and many crystal growth theories giibs suggested the earliest theory of
crystal growth as an extension his theory that a dropldt minimized surface free energy is
most stablé.According to this theory, known as the surface energy modeystatigrowth, the
growth of a crystal, which is composed of faces with differentasa energies, proceeds to
minimize the total surface energy of the crystal. Thégl$eto increased growth perpendicular to
high-energy faces, while low energy faces tend to dominateristal. Furthermore, the theory
suggests an ideal crystal in supersaturated conditions would au@guilibrium shape dictated
by these surface energies. Wififproposed a construction that demonstrated that the surface
energy model should hold true, and suggested that the growth perpantbctile crystal faces
occurs at rates proportional to the surface energy. lhad¢inematical proofs confirmed that the
Waulff construction produced crystal shapes with absolute minimum suriacgyé’

In practice, the competition of growth between crystal facegesult in faces exhibiting fast
outward growth disappearing from the crystal (Figure 1-4). Furibe, despite the assertions

that crystals adopt equilibrium shapes, real crystals almostr appear the same because the

12



Chapter 1: Crystallization

Figure 1-4. As a crystal grows outward, high-energy faces (red) tend to become smaller,
owing to rapid growth perpendicular to those surfaces. Consequentially, the low energy faces
(blue) dominate the shape of the crystal, and in many cases, the high energy faces vanish,
forming corners.

crystal growth environment is constantly changing and soatrgsbwth is never at equilibrium.
Additionally, the surface energy model does not provide a rolustik description for crystal
growth, and very little quantitative data exists to support thémmal surface energy postulate.
Despite these considerations, the surface-energy modety&ialcgrowth is qualitatively useful
in understanding and predicting crystal growth behaviors. Additignilyurther attempts to
reduce the total surface energy of a system, small tsystad to dissolve in favor of their
material migrating to larger, more stable crystals. This pspée®wn as Ostwald RipeniAghas
been widely documentddNewer growth theories, such as the adsorption layer theory, &iivem
theory, diffusion-reaction theory, and others attempt to overcoménihations of the surface
energy model. Those theories are beyond the scope of this, thesiare well documented

elsewheréd.

13



Chapter 1: Crystallization

The morphologies, or shapes, of crystals fit into categories kaswrabits (Figure 1-5). As
mentioned above, the surface energy model for crystal growthcierékat growth perpendicular
to a crystal face is proportional to the surface energy offdkcat therefore, it is conceivable that
an external influence capable of altering the surfaceggradra particular crystal face may alter
the crystal growth in certain directions. This ultimatelgi@tthe crystal habit. Consequentially,
crystal habit can be influenced by interactions betweenatrigces and solvents and impurities,
or by manipulating crystallization rates, supersaturation, tempesa and other environmental
factors! Controlling crystal habit is of great importance in the indaissector, where crystals
exhibiting certain habits are more prone to caking, other hhhite a poor appearance, and
others still are difficult to package or handle. It comem@surprise, then, that the manipulation
of crystallization factors has led to a vast array of techniquessist &n the control crystal habit.

The use of impurities, referred to as additives or ané$s when their presence is included
deliberately in a crystallization environment, is the habittrolling technique highlighted in this
thesis. Most auxiliaries are chosen empirically, by trial-amds. Thousands of reports on the
effects of impurities on the growth of crystals exist in lierature®’ however, the elegant
example of the suppression of benzamide growth in along one of [10@] ¢tigstal axis), [010]
(the b crystal axis), or [001] (the crystal axis) by carefully selectadilor-made auxiliaries
demonstrates the power of impurities on crystallizatioFhe phrase tailor-made is somewhat of
a misnomer, as few of these additives are synthesizedfisplec for the purpose of habit
modification. Rather, tailor-made crystallization auxiliariage selected for their structural
compatibility with some aspect of the crystal (instead of belmmsen empirically). This is the
case with the crystallization of benzamide, where the seleatidhuse of benzoic acid:
toluamide, andp-toluamide as crystallization auxiliaries selectively supprdse growth of

benzamide crystals along thea, andc crystal axes, respectively.
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Chapter 1: Crystallization

Figure 1-5. (Left) Idealized examples of some of the many habits observed in crystals, including
needles (formally: “acicular”), plates (formally: “tabular” or “lamellar”), cubes, and octahedra.
(Middle and Right) Photographs of minerals exhibiting various natural habits. All photographs
used in this figure are public domain. Source: http://en.wikipedia.org/wiki/Crystal_habit Last
accessed: 2 April, 2009.

1-4: Polymor phism

Polymorphism, the ability of molecules to adopt tiple crystalline forms, was once thou:
to be a rare phenomenon, but is now known to beream™? The importance of polymorphis
is underscored by efforts in the pharmaceuticaltosecovhere polymorph discovery a
characterization are essential for evaluating theauailability and self stability of
pharmaceutical compounds, establishing patent gtrotefor new crystal forms, complying wi
regulations that mandate polymorph characterizatma achieving reproducible crystallizat
outcomes?® The pervasiveness of polymorphism inspired comments such as that
McCrone, “...every compound has different polymorptoons and that, in general, the num

of forms known for a given compound is proportiottathe time and money spent in researcl
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Chapter 1: Crystallization
that compound® Two examples of polymorphs fit the strict definition abov: pé@acking
polymorphs, where molecules pack into different crystals imdismolecular arrangements, and
(i) conformational polymorphs, where molecules pack into diffecrystals in the same packing
arrangement with distinct molecular conformations. Sevefarosolids present parallels to
polymorphism but do not fit the strict definition. Most thorough teeation polymorphism, such
as the works of Threlfalf, Vippaguntaet al,** Bernsteir, or Brittain®* discuss one or more of
these parallels in detail. The first examples are solvatéshwontain the crystallizing molecules
of interest and solvent molecules from the surroundings. Seleatgaining water are referred to
as hydrates, and are frequently mistaken for traditional molyins. Amorphous solids, although
noncrystalline, are included as a parallel because many oimtthods used to generate
polymorphs also generate amorphous solids. Furthermore, amorphous solplefarable to
crystalline solids in many applications, therefore the pursutsthble amorphous phase parallels
the study of polymorphism. Chiral crystals, which can form fromratlas well as chiral
compounds, are called enantiomorphs. Furthermore, mixtures of two eppasititiomorphs
consisting of enantiopure chiral molecules are called conglé@serand crystals formed from
racemic mixtures of chiral molecules are called racesmatlon-racemic crystals composed of
opposite enantiomers are treated as solid solutions. The smpavhtracemic mixtures of
conglomerate crystals is a widely-studied figlut the separation of racemate crystals into their
corresponding conglomerates is challenging and approached as thHwugtrystals were
polymorphs. Additional examples of solids that exhibit properéksead to polymorphism exist,
but are not mentioned here for brevity.

The thermodynamics of classic nucleation theory describes thé¢atanergy of a crystal as
being a combination of its surface and volume free energies. Tmorerpolymorphs, each with

a unique internal structure and external surfaces, have diffeeenefiergies. The prevalence of
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Chapter 1: Crystallization
one polymorph over another was described by Ettas resulting from a complex equilibrium
between competing nuclei - which resemble their mature digstdbrms - and disordered
molecules (Figure 1-6), where eventually one or more nuclei \&chugtical size and grow
spontaneously, thereby adopting a polymorphic form and driving edquitiin the direction of
that growing polymorph. Experimental evidence for the competition betweelei has been
reported®®®’ lending credence to the Etter postulate.

The relative stability of two polymorphs depends on their freegeege with the form having
the lowest being the most stable. Thermodynamics dictateshthg@iolymorph with the highest
energy should transform to the form with the lowest energy wver. The Gibbs Free Energy
(Equation 1.14.G is free energyS is entropy,H is enthalpy, andl is temperature) of the
polymorphs can be used to describe how the different forms telaiee another at different
temperatures. The enthalpy and free energy of crystal famaté measurable quantities, and so
graphs - denoted here as E/T diagrams - of the free enengieenthalpies as a function of

temperature illustrate the thermotropic relationship betw two polymorphs

Polymorph 1
Nuclei I /
/ \ Polymorph 2
Disordered
Molecules
\ Polymorph 3
Nuclei I
\ Polymorph 4

Figure 1-6. Scheme illustrating the equilibrium between competing crystal nuclei and their
mature polymorphic forms.
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Chapter 1: Crystallization
(Figure 1-7). These plots do not provide any kinetic information about the pitesees. Two
possible relationships exist between any two polymorphs and their Thel first relationship,
enantiotropism, arises when one polymorph transforms to anothempsrature increases, and
ultimately gives way to the melt (Figure 1-7A). The secosidtionship, called monotropism,
arises when one polymorph is thermodynamically preferred dideraperatures until that

polymorph melts (Figure 1-7B).
G=H-T-S 1.14

Etter's model of competing nuclei suggests that a kinetic ngrede for the nuclei of a
metastable polymorph may result in the thermodynamically stabteriever appearing, because
it only grows from a kinetically unfavored nucleus. Classic ratia theory, with the concepts
of critical size and the kinetics established by VofhEquation 1.10), provides insight into the
competition between polymorphs. Consider a case where a metgstdphorph, with a lower
AG compared with the more stable form, nucleates faster and apgeabepending on the
kinetic barrier to transformation to the more stable formnteé&stable polymorph could persist
for seconds, days, or even indefinitely. This example highlights stheggle between
thermodynamic and kinetic dominance on crystallization, a probledervirom experimental
results before the formulation classic nucleation. In amattéo describe the appearance of these
cases, Ostwaftisuggested his Rule of Stages, “when leaving a metastat#e & given chemical
system does not seek out the most stable state, ratherdtestnmetastable one that can be

reached without loss of free enerdy’Rephrased, polymorph transitions occur between the

" Due to the ease of controlling pressure and teatpe in experimental conditions, Pressure-
Temperature (P/T) phase diagrams that describeesanfjpolymorph appearance are also produced.
These diagrams also reveal enantiotropic and mopictbehavior, but over a much wider range of
conditions than the E/T diagrams, albeit withouhafpy or free energy information.
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A - Enantiotropic H B - Monotropic H

AG or AH
AG or AH

Temperature Tin Ty Tiriq Temperature TiriqTruig

Figure 1-7. Energy/Temperature diagrams for two hypothetical substances, where the
energies on either diagram are relative to an arbitrary standard. The substance on the right (A)
exhibits an enantiotropic polymorph system, where polymorph | is most stable (lowest AG)
until a transition temperature T,,, thereafter polymorph Il is preferred. Eventually a
temperature is reached where the polymorphs melt. The substance on the right (B) exhibits a
monotropic system, where polymorph | is most stable over the entire temperature range prior
to its melting. Transition temperatures between polymorphs and the melt are noted as T,.,
where x and y are the corresponding form or melt. The heats of formation, AH;,, of a given
polymorph x are also apparent on the graphs.

forms with the lowest activation barriers. The complicatederplay of kinetics and
thermodynamics that are observed in studies of polymorphismresuked in a wide variety of
examples that support and conflict with the Rule of Stagesmptgeto validate the Rule of
Stages with the kinetics of classic nucleation revealeddbfatald’s assertion is not so simple in
practice, and the rates of nucleation of two phases candatarailtiple times over a range of
supersaturations. Notably, the intersection of the nucleation sagggsts conditions where two
(or more) forms could nucleate simultaneou8lshis phenomenon of concomitant polymorph
growth has been reported for a number of systérbespite these deviations from the Rule of
Stages, however, sufficient examples of successivelytatliysng polymorphs exist to justify

using the Rule of Stages as a guideline for understanding polymorph trarisiftons.
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1-5: Polymor ph Propertiesand Control

Polymorphs of a compound can manifest substantially different jloylsical properties,
which can profoundly influence the behavior of a material dep@ndn the crystals.
Consequently, the study and control of polymorphism is of great importansectors that
harness crystal properties. This is most evident in pharmadsitié®oth active pharmaceutical
ingredients and formulation excipients can be crystalline, andryfstal forms adopted impact
the rate of dissolution, solubility, stability, and aggregationalehn of the final product.
According to Bernsteih the dissolution properties and solubility of a compound are tategt
factors considered when selecting a crystalline form ferféhmulation of a drug. Furthermore,
the control of the bioavailability of a compound, which is relatdte dissolution rate and
solubility, is also critical to the success of a pharmacagolid. For these reasons, many dosage
forms incorporate amorphous solids and solvates as well. Bgiynstability is also crucial to
the success of a formulation. In some cases, the inclusionsnsthble polymorphs in
formulations are intentional, and a polymorph transition is itambrto the product function. In
other cases, polymorph transitions are undesired. The most draxamiples of undesired
polymorph transitions are those where a well-characterized pghymvanishes or a new
polymorph nucleates irreversibly.For the pharmaceutical industry in particular, the legal,
regulatory, and financial repercussions of an unexpected polymorphitramsan be severe.

Many dyes and explosives exhibit polymorphism, and in many casesIyimeopghs impact
the color (dyes) and stability (explosives) of the compodrdsa result, researchers thoroughly
characterize the polymorphism of these materials to ensuregbrioshation. Notably, the study
of the impact of crystal structure on the electrical cotiditly, magnetism, and other properties

of materials has resulted in a keen interest in strugaperty relationships.Engineering
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crystalline materials that exhibit specific electricat magnetic properties from organic
compounds presents a substantial challenge owing to significdiftrences in behaviors
exhibited by polymorphs. The study of structure-property relationshipsever, has revealed
many experimental strategies for obtaining polymorphs with specific piegig

The primary methods employed to control polymorphism are simildro®e used to control
habit, which is unsurprising due to the codependence of habit agchgrphism on crystal
structure. Polymorph selectivity is frequently achieved bgwing crystals via sublimation,
cooling of molten material, vapor diffusion or by evaporation of sofvehtlditional routes to
generating polymorphs include manipulating solvent systems, stiulpi, temperature and
thermal treatment, mechanical processing, and addft\@gystallization on the cleaved surfaces
of other crystals also induces selectiVity®*’and the use of tailor-made auxiliaries in controlling
crystal habit by inhibiting the growth of specific crystalcés has parallels in polymorph

control®®

Recent reports detail the use of polymer heteronuclei asivaddfor controlling
polymorphism®*° The rate of crystallization can impact polymorph selectidtyd many of the
methods mentioned above are used crystallize different polymorphsairthermodynamic or
kinetic conditions.

Recently, the structure-property relationships of crystals and ftivenation have received
substantial attentiot;”” with a keen interest in understanding nucleation at the rpstatiine
aggregate stage in an effort to develop control stratdgiesiucleatiorr® These and related
studies have provided insight into the control of crystal it polymorphism, both of which

were traditionally empirical sciences. Structure-propeigtionships will remain a central theme

throughout this thesis.

21



Chapter 1: Crystallization

1-6: Examples of Polymor phism

While numerous examples of polymorphism exist in the literatureerake well-known
examples illustrate the general problem of polymorphism in acadamiaindustry. The
polymorphism of 5-methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarboajtkhown as ROY for
the rich red, orange, and yellow colors of its various crystah$ (Figure 1-8), is one such case.
ROY is a precursor to the antipsychotic drug olanza}fimed adopts at least ten polymorphs
(Figure 1-8, Table 1-Z. The many forms of ROY have been crystallized by a varéty
methods, including fast crystallization, cooling of molten maltgrisolution-mediated
transformation’? epitaxy on single-crystal substrafés;rystallization under nanoconfinemeént,
and cross-nucleation on other ROY polymorptiéNotably, most of the polymorphs of ROY are
guite stable at ambient conditions, with several lasting inidefy while others last from days to
weeks. This characteristic of ROY, which is not ubiquitous among @opmc systems, has
allowed seven of the ROY polymorphs to be solved by X-ray clggtaphy and permitted
detailed probing of the transformations between the various polymoFuimthermore, the
conformational polymorphism that leads to the vibrant colors ofR@& polymorphs is one
example of a structure-property relationstip.

Glycine is the simplest amino acid, a common excipient in pharmaceuticall&ions, and is
of interest in the study of the origin of life in the solasteyn. Glycine adopts three forms at
ambient conditions, each of which exhibits well-defined habitshgldogen bonding schemes,
and two more at high pressufésthe most common polymorph of glycine, denotedxa$ is
metastable and obtained by slow evaporation of water from aquemirsegsolutions, however,

it is slow to transform to the most thermodynamically stablenfatenoted as,*® most likely
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ROY
5-methyl-2-(2-nitrophenylamino)thiophene-3-carbonitrile

I mm YN

Figure 1-8. The molecular structure and photographs of the ten known polymorphs of 5-
methyl-2-(2-nitrophenylamino)thiophene-3-carbonitrile, also known as ROY. The polymorphs
are identified by abbreviation in Table 1-2, except for the phase labeled L, which is the red
melt of ROY. The photographs are reproduced and modified from references 56, Error!
Bookmark not defined.52, 58, and 59; used with permission. Copyrights, American Chemical
Societv. 2000. 2001. 2005. 2005.

Table 1-2. Polymorphs of ROY. Reproduced with permission from reference 58. Copyright
American Chemical Society, 2005.

name description space group mp, °C  year reported
Y yellow prism P2i/n 109.8 1995
R red prism P1 106.2 1995
ON orange needle P2i/c 114.8 1995
OP orange plate P2i/n 112.7 2000
YN yellow needle P-1 99 2000
ORP orange-red plate Pbca 97.4 2000
RPL red plate a b 2001
Y04 yellow (2004) a b 2005
YT04 yellow prism P2i/n 106.9 2005
RO5 red (2005) a b 2005

(a) structure not yet solved. (b) polymorph transitefore melting
owing to substantial differences in molecular packing betwberntwo forms (Figure 1-Q)-

glycine is formed by evaporation of water from acidic oribasjueous solutions. The crystal
structure ofa-glycine consists of sheets of hydrogen bonded head-to-head dimghgciok
molecules, related to each other by inversion. This resultsystats that are nonpolar. In

contrast, the-glycine structure consists of hydrogen bonded helices of glyonmlecules. The

23



Chapter 1: Crystallization

A a-glycine [o10] B B-glycine [010] C y-glycine [001]
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Figure 1-9. Comparison of the crystal structures of the (A) o, (B) B, and (C) y polymorphs of
glycine. Each polymorphs has a characteristic structure feature that is used to describe its
structure. (A) a-glycine, which is readily crystallized from water, is composed of stacked
sheets of head-to-head dimers, which are related to each other by inversion. As a result, a-
glycine is nonpolar. (B) B-glycine, the least stable form, is composed of stacked sheets of
molecules whose carboxyl moieties are exposed in the [010] direction and alkyl hydrogens
pointed in the [0-10] direction. This packing results in B-glycine being polar. B-glycine converts
readily to a-glycine in ambient conditions. (C) y-glycine, the most stable form, is composed of
densely packed 3-fold helices (spirals) of glycine molecules and is polar. Comparison between
the three structures clearly reveals that y-glycine is substantially different than o and .
Consequentially, a-glycine converts to y-glycine very slowly.

most metastable ambient form of glycine, denoted,&sis typically crystallized by rapidly
decreasing the solubility of glycine in water, normally by addalcohol to aqueous glycine
solutions. This form rapidly transforms toupon contact with humid air. The structurepof
glycine consists of hydrogen bonded molecular sheets, such asdbsmeed ino-glycine,
however, thep-glycine sheets are polar. The rapid transformationf-ofto a-glycine is
understandable, particularly when compared with the substantiedusal differences between
and a-glycine, due to the small modification required to transformpthetructure into thex

structure. The thermal and temporal stability of glycpwymorphs are well studi€d,and
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glycine has been studied for the verification of pre-nuclerexgges. For several years, glycine
was suspected to exist as dimers in agueous solution, owing to itietiéor of the favored:-
glycine polymorph from hydrogen bonded cyclic glycine dimer (hitslo evidence was
reported, however, suggesting the existence of these dimers rsatdated conditions. Indeed,
a recent report revealed that the observation of glycineerdilvas due to supersaturated
conditions prior to crystallization, and that the associatioglydine molecules into dimers in
undersaturatedsolutions was unpreferred compared to glycine molecules exastimyonomers
in solution®” Glycine has also been a model system for the exploratidreddftects of tailor-
made auxiliaries on polymorphism and crystal habit. Recentlyangdssrs employed specific
tailor-made auxiliaries consisting of other amino acidsstecsively crystallize each of the three
main polymorphs of glycine, as well as selectively grow paldir enantiomorphs of the chif#
glycine® Glycine will be a centerpiece in subsequent thesis chaptensg dw the wealth of
literature on its polymorphic forms.

Two illustrative examples of polymorphism from the pharmaceuseator that have had
significant impact on the popular view of polymorphism include tidine hydrochloride
(GlaxoSmithKline’s Zantac) and ritonavir (Abbot's NorvirGSK patented the first form of
ranitidine hydrochloride (RHCI) and a second form nucleated unesgdgcturing scale-up
several years later. The company patented the second fornshiftetl their entire RHCI
production to produce it. The second form exhibited a needle habitgnaleasier to process
than the first form, which exhibited a plate habit. When the pateatection on the first form
expired, the generic drug company Novopharm attempted to preparetthartiréor the market,
but only produced the second form. When Novopharm attempted to beingltug to market,
GSK sued the company for infringing upon its patents. Othertlitigmarose involving RHCI for
similar issues, which ranged from discovery and recognition of polymorphic,fayriiee roles of
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the environment on polymorph selectivity, to polymorph stability, seedma polymorph purity.
Abbot sold ritonavir for two years before a second polymorph foumespectedly. The second
form had significantly lower bioavailability and solubility than thetfiand eventually seeded the
entirety of Abbot’s ritonavir production, preventing production of fin&t form. As a result,
Abbot removed ritonavir from the market for a year while tledgrmulated the drug to make use
of the new polymorph. The capital loss incurred by Abbot over tisbap totaled over $500
million. These two cases of new and disappearing polymorphs aisotaied, and many other

reports exist of similar behaviors in other systémig?

1-7: Concluding Remarks

Collectively, these reports highlight the challenges surroungiimgmorphism, and discuss a
number of methods by which polymorphism is controlled. Classic numbedtowever, suggests
an additional method for controlling polymorphism. The concept otritieal size suggests that
polymorph control may be achieved by intervening in the crystidiizaprocess on a
corresponding length scale. For example, if a crystal exhibdspolymorphic forms, one form
may grow selectively if limited to sizes below the cati size of the competing form.
Alternatively, the energetic profile of two competing polymorphay intersect, suggesting a
length scale where a normally metastable polymorph (Form Agnhes thermodynamically
preferred Figure 1-19.  Furthermore, it is possible in theory to suppress crigstttin
altogether if nuclei cannot achieve a favorable negative fregyener

To achieve the size constraints necessary for size-dependgmopgoth control, crystallization
reactors are needed that simultaneously permit crystaltiyravthin them while confining the

crystals to nanometer length scales. Chapter 2, Propertiddltralsmall Crystals, reviews
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AGg(r)

AG

Amorphous Phase

S

Form A

Polymorph A: RED
Polymorph B: BLUE

Figure 1-10. lllustration of the energetic profiles of two competing nuclei, Form A, and Form B,
over a range of characteristic lengths. Crystallization of form B, which is thermodynamically
stable bulk form in this illustration, may be suppressed if sufficient size constraints can be
placed upon the growing nuclei. If the size confinement is sufficiently small, the crystallization
of both forms may be suppressed in favor of an amorphous phase. This suppression would be
expected to occur at any length scale where crystal nuclei are not permitted to achieve AG <
0, which includes dimensions in excess of the critical size.

crystallization within a number of these crystallizatieaators and discusses the crystallization
of select organic molecules in detail. Chapter 3 discussgshtee behavior of glycine crystals
embedded in nanoporous matrices. Chapter 4 discusses the amenfathe glycine crystals
within ordered porous polymer monoliths. This thesis concludes with digygefor future work,
including preliminary results for the preparation of a new poroaterial, developed from block

copolymers, with ordered pores and chiral moieties lining the pore walls.
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Chapter 2: Properties of Ultrasmall Crystals

Chapter 1 discussed the fundamentals of crystallization, with emphasis on the
polymorphism of molecular organic crystals. Classic nucleatiomtmmgests that the relative
stabilities between polymorphs can switch for crystalsufficiently small size, particularly on
length scales corresponding to the sizes of the crystadatmuclei. One possible method for
influencing crystal growth on these length scales is by atiyshg compounds within the
nanometer-scale channels of porous materials. The studystéltiration within nanopores was
motivated by Thomson (a.k.a. Lord KeiMirgdnd Gibb% who postulated that thermodynamic
properties such as vapor pressure and melting point changelifisr siodecreasing size. This
chapter reviews the dependence of melting point, polymorphism, andpotiperties on crystal

size.
2-1: Size Dependent Properties of Condensed Phases

Scientists have studied the phase transitions of compoundsi@acbim porous materials for
decades. The physical constraints imposed by the pores limit the siizeucleating phases,

increasing the surface-to-volume ratio of the embedded compound eompédth larger
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particles. This increase is implicated in altering saivgrhysical properties. For example,
Thomson modified the Young-Laplace equation (Equation 2.1, frequentlgléied to Equation
2.2)# which describes the capillary pressure difference aansmiterface between two static

fluids, to predict the effect of small droplet size on vapor pregEigeation 2.3).

Ap =YV 2.1
Ap=2y/r 2.2
RTIn( p/p,)=2My/pr 2.3

In Equation 2.1 and 2.2p is the capillary pressure across the interfage the surface tension,
N is the unit vector normal to the interface, and the radius of curvature of the interface. In
Equation 2.3y is the radius of curvature of the dropletis the droplet density, is the surface
tension of the interface between the droplet and its surroundihgsthe molecular mass of the
compound comprising the droplgt,is the size-dependent vapor presspgeis the bulk vapor
pressure — i.e. for a surface with infinite curvatuReis the universal gas constant, ahds
absolute temperature. Thomson's result, now known as the Kelvirti@gueevealed that the
equilibrium between a condensed phase and its vapor were dependeatconvature between
them. The Kelvin equation predicts that vapor pressure incre@searticle size decreases.

Gibbs derived an equivalent relation for the effect of curvaturéhenequilibrium of any pure

i. The author would like to draw attention to nagidiscrepancies in textbooks for the various egqoat
discussed in this chapter. For example, equatidris2called the “Kelvin Equation” in Hiemenz, P. C;
Rajagopalan, RPrinciples of Colloid and Surface Chemistry. Marcel Dekker: New York, 1997, but is
called the “Gibbs-Thomson Equation” in Mullin, J..Vrystallization. Butterworth-Heinemann:

London, 2001. The name “Gibbs-Thomson equationivéner, traditionally refers to equation 2.4.
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substance with its surroundings. These works motivated additionarattphs of the influence
of size on equilibrium, resulting in relationships between partiize and vapor pressure,
solubility® and melting temperature (Table 2%1).Notably, Defay et al. derived the
thermodynamic relationship between particle size and melting gwah is now known as the
Gibbs-Thomson Equation (Equation 224).

Tk —Tn(T) 2M

= cosd 2.4
Tm,bulk AH fuspr T

The definitions oM, p, andr are the same as in the Kelvin Equation (Equation 2,8)s the
surface tension (interfacial energy) between the condensed pitadedluid surrounding it (see
the Young Equation, Chapter 1, Equation 1.81is the interfacial angle between the condensed

phase and any surface it may have nucleated updl is the molar heat of fusion of the

Table 2-1. Expressions for the left hand side of the Kelvin equation, Equation 2.3, for different
nucleation events. All of these expressions are contingent on the assumptions that the
systems are ideal and that the entropies and enthalpies of transitions are independent of
temperature. The temperatures T; (i = transition type) are the bulk thermodynamic transition
temperatures, while T are the size-dependent temperatures. AH; are the molar enthalpies of
the transitions, written as positive numbers.

Nucleation Event L eft side of Equation 2.3 Alternate Expression
Vapor condensation into a RT |n( p / ) AIjvap/sub (Tvap/wb _T)
liquid (vap) or solid (sub) B T
vap/ sub
AHg, (Ty -T
Crystallization from solution RT In(c/co) — ( e )
Tsol
AH, (T,-T
Bubble nucleation in liquid —RT|I”]( p/ p)) —%
b
AH™(T,-T)
Crystallization from melt - _
Tm
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bulk condensed phasé(r) is the melting temperature of the condensed phase ofngdand
Tmouk IS the melting temperature of the condensed phase in the daik— «). The Gibbs-
Thomson equation predicts a linear relationship between the changelting point, Tmpux-
Tm(r), and the inverse particle sizer,1ut only if the other parameters are not size dependent.
The 6 term in Equation 2.4 is generally assumed t® be180°. Substituting that into Equation

2.4 results in the most widely used form of the Gibbs-Thomson Equation @&uqQeg).

Tra—Tmn(1) _ 2My, ot
T i AH "pr '

The 6 = 180° assumption is valid for homogeneous nuclei that do not wetitfeee (Figure
2.1), however, it is used almost ubiquitously in the literatuvenevhen imperfect wetting
between a melting particle and a surface is expected. The-Gilolnsson equation can also be
combined with the Young equation (Chapter 1 - Equation 1.11) to gerseffaten that also
encompasses the dependence of the melting point on the interfeveserp the particle,
surrounding fluid, and substrate (Equation 2.6). Researchersemdgtly invoked this form of

the relation to explain experimentally observed melting point behaViors.

Tm,bulk _Tm(r) _ 2M (Yrs —Y4 )

L AH "Spr

2.6
Much like the equations governing classic nucleation theoryKéhen and Gibbs-Thomson
equations were derived for liquid droplets in equilibrium withirthapors. Only later were they
extended to solids. Consequently, there are a number of assumptibesemmodels to address:
(i) both equations assume that the bulk physical propertiescofrmound <, AH"™, andp -
remain constant with decreasing size; (ii) they also asgshate is isotropic over the entire

surface, which is particularly unlikely for a multi-facgtanisotropic crystal; (iii) the vapor
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i Ivitsii

Figure 2.1. Schematic of a nucleus forming from the melt within a pore, where the nucleus
does not wet the pore wall (6 = 180°).

pressure of a small particle according to the Kelvin Egnasi@quivalent to the Laplace pressure
across an interface in a capillary tube, which is only Malich liquid droplet. Additional stresses
in a crystal due to the anisotropy, rigidity, and high degree aécunlar order cause dramatic
deviations in vapor pressure predictions for crystal) it is also notable that, while the Gibbs-
Thomson equation is clearly stated for melting behavior, theren@reorresponding analytic
theories that associate solid-state transition temperatusts &s amorphous-to-crystalline or
polymorph transitions with decreasing pore size. This is in padause the non-melting
transitions - freezing, vitrification, polymorph transitions amel like - are all prone to expressing
kinetic barriers to change. In particular, glass transitiazeskinetic phenomenon, although there
is some discussion of the possibility of a thermodynamically meddslass transitiotf. These
barriers frustrate attempts to identify the thermodynamic \betsa of compounds under
confinement. Consequentially, the effect of size confinement atingi@loint is studied far more

widely than any other size-dependent phase transition.

2-2: Studies of Ultrasmall Crystals

Most early studies on the melting point depression of compounds endbiedderous solids

were performed using porous siliceous materials, owing primaxilyeir availability. Reports
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detailing the melting point depression of ice, benzene, naphthaedether organic molecules
embedded in silica gel revealed substantial depression — bychsa® 40 K — relative to the bulk
solids. In addition to the depression, researchers noticedngluofi the melt transition, with
reported temperature ranges as broad as 50ldtline absorbed on silica gel also exhibited
melting point depressiofi. These early reports documented melting behavior in only one pore
size of silica because materials with narrow pore sizeilglistons and sufficiently small pore
sizes were not available until lafeAs a result, no single report examined thedbpendence of
melting temperature. Nevertheless, these reports implicatall crystal size and large surface-
to-volume ratios as the causes of the observed depre$sions.

Eventually, glass fabrication techniques produced porous glasesontrolled pore sizes.
The manufacture of glasses by sol:fgirocesses resulted in porous materials after drying,
whereas Vycor and controlled-pore glass (CPG) resulted uplimgtie boron-rich phase from
microphase-separated borosilicate gfdssAll of these materials provided significant
improvements in pore size availability and size distributimmpared with earlier silica gels, thus
facilitating testing of the Gibbs-Thomson equation.

Researchers revisited the melting point depression of iteénwibres a number of times since
the early work of the 1930’s. Calorimetric studies in the 196@geasted that 1-2 monolayers of
water absorbed strongly to the walls of porous silica gkasBhese layers did not freeze upon
cooling the samples. Furthermored™ was reported to decrease with decreasing thicknesses of
absorbed watéf:'® One author noted that in addition to monolayers adhering to the wiits,
additional water would not crystallize unless a minimum nurobenonolayers was present (~4
total)*° A subsequent calorimetric study of ice embedded in CPG with peoreetérs of 2 — 250
nm revealed that the Gibbs-Thomson equation described the medtingerature of ice

reasonably well. The report suggested that aside from appreiynthiee monolayers of water
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bound tightly to the silica surface, the rest of the waterhen gores acted like bulk water
molecules under no influence from the silica w&liShe study also suggested that M was
constant despite decreasing crystal size, which disagreébdhai earlier studies. A more recent
report detailing the size-dependenceTgfand AH™ for ice embedded in silica glasses revealed
that melting depression of ice adhered to the Gibbs-Thomson auyeatiept for samples of the

smallest pore sizes (~ 1 nm in diameférlhis study noted thaAH™ of the ice crystals

decreased linearly with increasing,1and notablyAH™ decreased linearly with decreasifig
These authors, like those before them, noted a small numbertef manolayers (~ 0.5 nm
thickness) adhered tightly to the silica surface that did not digstadditionally, they noted that
water in excess of these monolayers did not crystallize ualsséficient number of them were
present (~ 1.5 nm thick). The authors noted this in-between rangeizzling”, but overlooked
the possibility that these additional water layers didcngdtallize because they had not achieved
sufficient size to have favorable crystal free energies, instead favored an amorphous phase
(see Chapter 1, Section 1.7). The critical diameter etgrfar ice were approximately 3 - 4.5
nm?? larger than the thicknesses mentioned above. This discrepahegen critical size and
thickness could be attributable to the energetically favoriabéeactions between the water and
the silica pore wall it had wetted. In other words, the mgtangle between the ice crystals and
the silica-absorbed water layer was less than 180° (EquationThd)decrease of,, with
decerasing pore size suggests that 90°<«180°, which is the wetting angle range consistent
with melting point depression in Equation 2.4. A study of theingeind freezing of water in the
pores of mesoporous silicates MCM#land SBA-15" revealed melting point depression
coinciding with a slightly modified form of the Gibbs-Thomson equdticBollectively, these

studies highlight that the Gibbs-Thomson equation reasonablyiltlesdhe dependence of
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crystal size on melting temperature. None of the examples akogptené’ reported a constant
AH™, contradicting the assumption of constancy in the Gibbs-Thomson equatioethiless,
the linearity betweenT,, and 1f was evident.

The melting and freezing behaviors of small particles of a nuwiberetals, including lead,
tin, bismuth?® gold?’ in environments outside of porous matrices exhibit size dependence.
some cases, the temperature dependence on crystal sizranagic, such as with the 500 K
depression observed for the melting point of 5 nm gold parfichesalorimetric study of iridium
embedded in CPG with pore diameters ranging from 6 to 141 nm révagtieement between
iridium melting point depression and the Gibbs-Thomson equétiadditionally, the authors
noted a 66% reduction isH™ for iridium crystals embedded in the smallest pore sizes cothpare
with bulk crystals. A study on the melting behavior of iridftirand leadf nanoparticles on
aluminum substrates revealed that Tyeof both metalsncreased with decreasing particle size
when the materials were prepared with crystals epitaxiaiyched with the aluminum, but
decreased when the crystals were randomly oriented withctetgspehe aluminum. The Gibbs-
Thomson equation (Equation 2.4) accomodates the possibility(of > Trmpuk ONly wheno <
90°, that is, when the crystal nucleus favorably wets the sur@ther examples of the increasing
of melting temperatures, also known as super-heating, exist ew®wn melting and freezing
behaviors A non-calorimetric study of the melting and freezing ofigailembedded in porous
glass revealed depression for the crystals in nanoconfinetrandlid not abide by the Gibbs-
Thomson equatioff. The authors speculated at some length as to why this waitirspthat the
melting points of gallium were dependent on both pore geomethsample thermal history. A

reexamination of the thermotropic behavior of gallium in C&Gother porous media by
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differential scanning calorimetry (DSC) and X-ray diffractiofRD) may reveal more details
about the complex phase behavior alluded to by this study.

Jackson and McKenna examined the melting of organic compounds embedded g1
CPG? The CPG beads were silanated to allow nonpolar organic liqoidget the otherwise
hydrophilic pores. The compounds examined were benzene, cyclohexane, chkmebenz
naphthalene, heptanass-decalin, andrans-decalin. The authors noted linear dependenck,of
on 1k, as expected from the Gibbs-Thomson equation, as well as a reditrnctkla_ﬁ“S with
decreasing pore size. The possible presence of an unceystgliquid layer around the crystal
was implicated in the reduction AH™, because nuclei of various sizes surrounded by a shell of
amorphous material with a fixed thickness would be more ligkalftir smaller nuclei, resulting
in the observed depression &fi". The authors noted that the presence of such a layer would
likely cause deviation from the linear dependencaHff® on 1t for small pore sizes, particularly
because the? dependence of the surface area would cause the depressiomasthgonounced
for the smallest nuclei. The authors also suggested thatatbe surface-to-volume ratio of
crystals of decreasing size could play a role in reduaidlf®, citing previous studies on the
melting of metals that revealed smearing of the melt tiansas particle size decreasBd his
smearing is believed to be due to the disperse nature of ibdigoid interface, which could
influence properties such asi" for small particles. The smearing effect was also observed
the studies of watéf,but was not adequately explained at the time. A later t*8@aidressed the
smearing of the melt transition as due primarily to the ibigion of pore sizes in the porous
materials.

Raultet al.* examined the linear relationship betwegt{" andT,, for the organic compounds

studied by Jackson and McKerthdheir report suggested that unlike water in CPG pores,
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chlorobenzene did not manifest an uncrystallized layer betéeesolid and the modified silica
walls. The remainder of the solvents examined by Jackson andriviaKbowever, exhibited
noncrystallizing solvent layers ranging from ~0.6 to 1.5 nm thick. thkery discussed by the
authors suggested that the layer thicknesses below whiclystallization was observed should
be between ~1.5 to 3 nm for the compounds. The authors did not note thathiblesesses
might be a measure of the critical size of the solvegstals. It is unclear whether the
uncrystallizing layer contributes to that critical sizesdf, the report reveals critical thickness
estimates of 1.5 - 3 nm. If not, the report reveals criticakitgiss ranges of 0.9 — 1.5 nm.

Jackson and McKenftaalso examined the effect of decreasing pore size on thiltirgion
and glassification ob-terphenyl and benzyl alcohol within 4 — 73 nm CPG. Both compounds
formed crystals in the 73 nm CPG, lodterphenyl formed only glasses in smaller pores (25 nm
was the next largest pore size examined). Estimation of ifigakcnucleus size ob-terphenyl
from classic nucleation theory (Equation 1.8) revealgd~ 3.1 nm. The suppression of
terphenyl crystallization in pores > indicated the glass was kinetically stabilized. Bénzy
alcohol did not crystallize when embedded within 4 nm CPG. Essmaf its critical size
revealedry;; ~ 2.5 nm. Notably, the pore size of 4 nm K2 suggesting size-dependent
thermodynamic stabilization of the amorphous phase (Chapter 1, Secfioi\d.@n aside, a
different study revealed the suppression of crystallizationtraswhall pores for lead embedded
in carbon nanotubé8.Within 8.5 nm and larger CPG, benzyl alcohol formed glassessunles
crystals were also absorbed on the CPG exterior, in whish te exterior crystals induced
nucleation of the compound within the pores. This is a clear examphe @morphous phase
being kinetically stabilized in pore sizes k@ Notably, the glass transition temperaturg) Of
both compounds decreased linearly with increasing inverse poreasiai®gous to the size

dependence of melting temperature captured by the Gibbs-ThomsoiomegGatlectively, these
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results revealed that crystallization could be suppresséavor of amorphous phases by both
kinetic and thermodynamic means, although the authors did nottlgirémplicate
thermodynamics in the suppressiongf

Reviews on the effects of size confinementTarand T, were written by Christenshand
Alcoutlabi and McKenn&® The Alcoutlabf® review focused primarily on the effects of size on
the glass transition, but also treated many examples ofhig@ltiint depression in porous solids,
particularly CPG and Vycor. The authors noted that most of wléing behavior studied in
previous work adhered to the Gibbs-Thomson relation for all bugntfadiest pores. Interestingly,
they make no mention of the possibility of critical size @Heor suppression of crystallization in
favor of an amorphous phase as an explanation for that behaviordd Imeye, however, that the
relationship ofAT, vs. 1f is linear despite frequent reports &A™ changing with decreasing
crystal size, but they do not offer a theoretical justifaatior that observation. The concept of
super-heating was discussed in the review, with comparison madeebetive melting of
benzene crystals embedded in CPG, SBA-15, and activated cabeos (ACF)}’ Benzene
embedded in silanated CPG and SBA-15 exhibited melting point ssimmewith decreasing
crystal size (Figure 2-2). Furthermore, the melting pointetgions were different between the
porous materials. Benzene exhibited melting point elevation @@gaging) when embedded in
ACF. This elevation did not adhere to the Gibbs-Thomson reldfioem.assumption dd = 180°
in the Gibbs-Thomson equation precludes any melting point dependepoeoos matrix. If that
was a realistic assumption, however, the size-dependence rokttieg temperature of benzene

should be the same in CPG, SBA-15, and AQ¥one of the reports discussed in the review

ii. Thed = 180° assumption also precludes the possibifitpelting point elevation, such as that observed
for benzene in ACE and lead and iridium on aluminuth®® By definition, all of the quantities in
equation 2.4 except c@sare positive. ThusT{puk - Tm(d)) < 0 if cos@) < 0, or 90° <6 < 180°.
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Figure 2-2 The melting temperature of benzene confined in different pores of diameter d: in
activated carbon fibers (ACF, pink diamonds), in controlled pore glasses (CPG, blue circles),
grafted at the surface with trimethylsilyl groups (in SBA-15, red squares) without treatment.
Melting point depression in CPG and SBA-15 is well-described by the Gibbs-Thomson
equation (Equation 2.5). Reproduced from reference 36. Used with permission.

revisited thed = 180° assumption in the Gibbs-Thomson equation, despite the clear depend
of AT, on porous material. Monte Carlo simulations of crystalsingglin porous silica and
graphite revealed that the strength of the interaction leetwlee pore wall and the fluid could
drive the melting point to increase or decrease with decreasing pofe size

Systematic analysis of the supercooling of liquid oxygen embedidkoh porous sol-gel and
Vycor glasses of different pore sizes (ranging from 4 — 40rex@aled a strong dependence of
freezing point on pore siZ& Furthermore, once solid, the oxygen exhibited solid-state tiarsit
between three allotropes (allotropes are polymorphs of pure atarbgtances) - amorphous

oxygen,y-oxygen and3-oxygen - at temperatures that were also pore size depeiizably,
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the relationship between the transition temperatife, ; and inverse pore sizerlivas linear.
Although the authors did not mention it, this suggests that stlid- transitions such as
enantiotropic polymorph transitions might obey relationships gsintdathe Gibbs-Thomson
equation. Furthermore, the study implies that polymorph transitiort# fmégcontrolled with size
confinement.

In 2004, Ha et & reported the crystallization of polymorphic compounds under
nanoconfinement. The authors crystallized anthranilic acid (&RAjch adopts three polymorphs
in the bulk state, within the pores of 7.5 nm, 24 nm and 55 nm CPGcorheound exhibited
size dependent polymorph selectivity, with 1lI-AA present in8benm pores and on the surfaces
of nonporous glass beads; a mixture of II- and IlI-AA formed in2theam pores, and II-AA
formed exclusively in the 7.5 nm pores. The Il form, which was notibdynamically favored,
remained unchanged in the pores for more than one month at roomaemgerhe authors
attributed this stability to suppression of the bulk-stable foreas their critical sizes, i.e. critical
size effects. The polymorph selectivity might also be ateidub the II-AA form having a
favorable free energy within the smallest pores (Chapt&edtion 1.7). This report is a clear
example of size dependent polymorph selectivity within CPG.

Emulating the reports by Ha et #.a pair of manuscripts in 2007 and 2008 detailed the
polymorphisrit® and amorphous phase stabilizatfon of the pharmaceutical molecule
acetaminophen in the pores of CPG. Acetaminophen, a polymorphic compourtiar@satforms,
exhibited melting point depression consistent with the Gibbs-Thomsati@gyuThe authors
estimated the critical size of acetaminophen nuclei to be ~3.@ging the slope of Gibbs-
Thomson equation. Within the smallest pore sizes examined, ~4.6 neteliaail crystallization
was suppressed in favor of an amorphous phase. The authors shggdsistis due to either

critical size effects or a kinetic stabilization oethmorphous phase, and note that determining
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whether amorphous acetaminophen is the equilibrium phase in the 4.6 esrigoeery difficult.
For pores of 22 nm, 42 nm, and 60 nm, the metastable form Ill of donefdren was present
exclusively. Mixtures of Il- and lll-acetaminophen formedhait 103 nm CPG. The authors
suppressed the crystallization of these forms by rapid quenchimgolbén acetaminophen,
resulting in the amorphous phase that recrystallized slawbr time. The glass transition
temperature decreased with decreasing pore size and broasigné&dantly for 4.6 nm CPG,
indicating that the acetaminophen exhibited layers of moleculetthedcted strongly with the
silica walls. The authors noted that experimental paenmetuch as combination of pore size,
crystal-pore wall interactions, and pore topology could be taillaespecific applications, such

as the stabilization of pharmaceutical compounds.

2-3: Crystallization in Nanopor ous Polymer Monoliths

The 2004 work of Ha et &f. also detailed the crystallization of ROY (5-methyl-2-[(
nitrophenyl)-amino]-3-thiophenecarbonitrile) within the nanometer-diamcylinder pores of
porous polycyclohexylethylene (p-PCHE) monoliths. These monoliths, wheobng example in

a family of related porous materidfg;"*®

are produced by etching the shear-aligned polylactide
(PLA) cylinders from ordered PCHE-PLA diblock copolymers. Umlikany of the siliceous
porous materials such as CPG, the resulting monoliths possesshadrare aligned and uniform
in diameter (Figure 2-3). Furthermore, compared with silicatéhibiting well-ordered porosity
such as SBA-15 and MCM-41, which typically exist as powders, the HEP@onoliths are
macroscopic. The synthesis procedure allows for the facilea@reof monoliths with a range
of pore sizes, however, the monoliths are limited to applicati@iew their glass transition
temperatures, above which the monolith pores collapse. Fotuiiie &f embedded ROY, Ha et

al. employed p-PCHE monoliths with 20 nm and 30 nm diameter poldsnWhe larger pore
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S 100 |
Figure 2-3. Scanning electron micrographs of (A) commercially available controlled porous
glass (CPG) with a pore diameter (d = 55 nm) and (B) porous PCHE monolith with a
hexagonal array of cylindrical pores (d = 30 nm). (Insets) Schematic representations of

nanocrystals grown in the pores. From Reference 40, used with permission. Copyright
American Chemical Society, 2004.

P

size, ROY crystallized as the Y form, which is the designafor yellow prisms. The authors
identified the polymorph by comparing experimental XRD reflectioitls those expected for Y-
ROY crystals. Heating the samples above the melting tetoperaf ROY (but below th@&, of
PCHE) and then cooling resulted in the crystallization of R-ROY witlerpores, as indicated by
DSC measurements (Figure 2-4A). XRD with a 2-D detectonipied analysis of the orientation
of the R-ROY within the pores, and revealed the nanocrystals to align withlthecrystal plane
perpendicular to the pore direction (Figure 2-4B). Within the 2@aras, crystallization of ROY
was suppressed in favor of the red amorphous phadR©Y. As with the polymorph selectivity
noted for anthranilic acid in CPG, the authors attributed this eagipn to critical size effects.
Based on the large pore size (20 nm) compared with the crititeabstimates given in Chapter 1
and in this chapter (2 < 8 nm), it seems unlikely that Y-ROY was suppressed dusticatr
size effects. Instead, it is more likely that the suppoesisi due to either the kinetic stabilization
of the amorphous phase or the suppression of crystallizationoddeROY of 20 nm having

AGcryg > 0 .
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Figure 2-4. (A) DSC of an unwashed (solid line) and washed (dashed line) p-PCHE monolith
impregnated with ROY (from pyridine) that has been subjected to heating at 120 € and
cooled to -25 T (5 T/min in both directions). (B) 2-D diffraction pattern of an aligned monolith
containing only R nanocrystals. Preferred orientation of R nanocrystals is in the azimuthal
intensity maxima exhibited by the reflections. For clarity, only the (111) and (222) reflections
are denoted here. From Reference 40, used with permission. Copyright American Chemical

Society, 2004.

Ha et al. also studied the melting behaviors of R-methyl adigid (RMAA) and 2,2,3,3,4,4-
hexafluoropentane-1,6-diol (HFPD) in CPG and porous polystyrene mon(RS)'° The
melting temperature dependence on pore size adhered to the 1/r edeymemd the Gibbs-
Thomson equation, antH™ decreased linearly with increasing inverse pore size.aliktgors
noted, however, that the temperature depression of HFPD was @alsglystlependent on the
porous matrix. Namelyy, (Equation 2.5) varied with porous material, and the slop&Tgfvs.
1/r was dramatically different for HFPD embedded in CPG BSpFigure 2-5). Reexamination
of the classic form of the Gibbs-Thomson equation (Equation 2.5)leelvdzat thed = 180°
assumption was not reasonable. The authors emphasizeddpi¢ dee importance of c@sand
the dependence afH™ on crystal size, the melting point depression was still lingtr 1/r.

Alcoutlabi and McKenna noted this concomitantly in their reviéwhis linearity, Ha et
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Figure 2-5. Dependence of the normalized melting point depression, JTm/Tm, on the channel
diameter for (a, ¥) R-MAA in p-PS, imbibed from methanol, (b, A) HFPD in p-PS, (c, )
HFPD in p-PS, imbibed from melt, (d, 1) HFPD in CPG, imbibed from methanol, (e, (1) R-MAA
in CPG, imbibed from methanol, and (f, 1) HFPD in CPG imbibed from melt. The slopes are
larger for the p-PS monoliths. The data for HFPD reveal that the effect of the porous matrix
outweighs the differences arising from the method used to introduce the HFPD to the
channels (melt or methanol solutions). The dashed lines represent the best fit to each data
set, including a point added at AT./T,, = 0, 1/d = 0, that corresponds to the bulk melting
temperature. From Reference 10. Used with permission. Copyright American Chemical

Society, 2005.

al. argued, must be due to a fortuitous compensation of the chatlg&iby a change ip, co®

(or more appropriatelyns— vs)-

Collectively, the above reports reveal a variety of sizgeddent crystal properties -
polymorph selectivity, melting point depression, stabilization aofiorphous phases, and
suppression of crystallization. The dependence of these propamntidecreasing crystal size is
not fully understood. Reexamination of the classic assumptions @ilts-Thomson equation,
for example, has revealed that the walls of the porous miatanfluence the behaviors of
embedded nanocrystals, and that the traditional assumptiér=0t80°is not realistic for all

materials. The above reports have revealed a number of twaggplore systematically the
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aforementioned properties in nanoconfinement. The remainder afdyier is focused on such
an examination — the polymorphism and thermotropic properties efadaswganic compounds
embedded in CPG and p-PCHE monoliths, and the subsequent examinatianogcfystal

orientation within p-PCHE.

2-4: Polymor phism and Thermotropic Properties of Dicarboxylic Acids

and Coumarin under Nanoscale Confinement.

Described herein is the crystallization of seleab-dicarboxylic acids and coumarin in the
nanometer-scale pores of CPG beads and porous poly(cyclohexyle)hfgePCHE) monoliths,
the latter prepared by etching the hexagonally packed polyla@ide&) cylinders from shear-
aligned PCHE-PLA diblock copolymet$.The confined nanocrystals display size-dependent
melting point depression, polymorph stability crossovers, and farsifrom enantiotropic
phase behavior in the bulk to monotropic behavior under nanoconfinemetherfare,
crystallization confined to these nanopores produced heretofore unkmpolymorphs,
demonstrating the impact of nanoconfinement on crystallization whggesting a new route to
the discovery of new polymorphs. Dr. Jeong-Myeong Ha performedxgperimental work and
presented the original discussion of the results as partsoPhiD. thesi& The results are

discussed here in their entirety because this author contributesifinal discussiofy’

2-4.1: Crystallization under nanoscale confinement

Controlled pore glass (CPG), a borate-silicate composite fyasswhich the borate phase is
leached to produce a silica glass bead with a random pore netmaslobtained commercially

with pore sizes of 7.5 nm (£ 6%), 24 nm (+ 4.3%), and 55 nm (£ 3.0&)porous glass (NPG),
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used as a control, was obtained as glass beads with dianesterhan 10&m. Companion
studies were performed in porous poly(cyclohexylethylene) (gE)Omnonoliths, which were
prepared by chemically etching the hexagonally packed cylindraslactide (PLA) domains
from shear-aligned PLA-PCHE diblock copolymé&sThe cylindrical pores that result are
uniformly spaced and have more uniform pore diameters than the @bi@BG Scanning
electron microscopy (SEM) of the etched monoliths revealed a hexamwag of cylindrical
pores with 30 nm diameters oriented parallel to the direction @atitalignment (Figure 2-3).
Monoliths also were prepared with 14 nm and 40 nm pore diametersinifbem alignment of
p-PCHE pores in each monolith permits characterization of thentation of embedded
nanocrystals with respect to the pore direction by 2D X-ray adiffraction @-XRD).
Conversely, the random CPG beads and pores were not amenable to crysédiarianalysis.
Pimelic acid, glutaric acid, suberic acid, and coumarin weystallized within the pores of
CPG beads and p-PCHE monoliths by eithginimersion of the porous matrix in a saturated
methanol solution of the compound, allowing infiltration of the soluiida the pores through
capillary action, followed by evaporation of the methanol solveomfthe pores orii
immersion of the porous matrix in the melt of the compound, allowingratfdn of the melt into
the pores through capillary action, followed by cooling the riegultomposite. Whereas the
loading of nanocrystals grown from methanol solutions was serfidor detection byi-XRD,
crystallization from the infiltrated melts produced substiintiigher loading, which was
particularly useful for accurate determination of thermalpprties by differential scanning

calorimetry (DSC). The p-PCHE monoliths, however, soften and exhilatqudiapse at the glass
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transition temperature @, ~ 136 °C" Consequently, only compounds with melting poifitg) (
below theTy (pimelic acid, glutaric acid, coumarin) can be embedded witlCHE from the
melt (T, = 106.5, 99, and 72 °C for pimelic acid, glutaric acid, and coumarineatsgy).
Conversely, compounds with melting points aboveTthsuberic acid) must by introduced to the
pores of p-PCHE by infiltration of methanol solutiofig, € 143 °C for suberic acid). The pore
loading of suberic acid was maximized by using methanol solutadnsased with the compound
at 50 °C. After crystallization of the imbibed melt or sanf and prior to further sample
characterization, the external surfaces of the monolithe weabbed with a soft, methanol-
dampened paper towel to remove any residual compound. The CPG beadsasieed briefly

with methanol prior to subsequent characterization of the embedded naaiscryst

2-4.2: Glutaric acid

Two polymorphsa andp, have been reported for glutaric acid (HOOC{ZEOOH, denoted
here as C5Y.The single crystal structure p£C5 has been reported previousfbut until this
investigation only the space group and unit cell parametersd& were knowri® Powder X-ray
diffraction (PXRD) revealed that C5 obtained commerciallys vaC5, which persisted
indefinitely under ambient conditions. DSC and variable temper&@X¥RD revealed thgt-C5
transformed upon heating 66C5 at 76 °C AHs_,, = 2.34 + 0.06 kJ/mol; Figure 2-6A,B). Tle

C5 crystals melted at 99 °@H,, ,mer= 21.3 = 0.6 kJ/mol), consistent with enantiotropic phase

iii. The Ty of p-PCHE varies slightly between samples. Théisted here is approximate, based on values
measured for the the p-PCHE monoliths employed.r&eeence 43.
iv. (&) a-C5: Monoclinic,C2/c, a = 25.623pb = 4.9196,c= 9.9164,5=94.079, Z = 8, P=1.408,T = 173

K, R = 3.92 %. Full details are provided in supprtinformation. (b)p-C5:°

12.968,b = 4.8296,c= 9.982,4=96.872, Z = 4, D= 1.414,T = 293 K.

Monoclinic, C2/c a =
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behavior in the bulk. Recrystallization of the C5 melt, whichuoed between 88C and 95C,
producedo-C5 AHmei>o, = 20.7 £ 0.4 kd/mg] which transformed t@-C5 within one hour at
room temperature.

Crystallization of C5 by evaporation of methanol from a 30% wfethanol solution in 7.5,
23, and 55 nm CPG produced mixturestedE5 and3-C5, with3-C5 predominant (Figure 2-7A).
Embeddedx-C5 nanocrystals were observed exclusively in a small pegeeiofathe samples,
however. Botha-C5 andB-C5 nanocrystals were stable indefinitely at room temperatinen
confined within CPG. Cooling of embedded melts, produced by mehangmbedded C5 above
100 °C [Tmpuk = 99°C), producedx-C5 exclusively. These embeddedC5 nanocrystals were
stable indefinitely (at least months) at room temperatutie mé measurable transformationpto
C5, in contrast to the behavior observed for hulgrystals,indicating clearly a size-dependent

polymorph stability crossover.

DSC scans of the-C5 nanocrystals formed initially in CPG by methanol evaporatiosated
two endothermic events during heating (at 1, 5, and 20 °C/min), ddftings to lower
temperatures with decreasing pore size (Figure 2-8). Maritdmperature PXRD of the
nanocrystals embedded in CPG revealedfin@b completely disappeared at the first DSC peak
(86 °C, 82 °C, and 71 °C for 55, 23, and 7.5 nm CPG, respectively. Rg)revith concomitant
appearance of-C5, which then disappeared at the second DSC peak. The second therma
signature, which corresponds to thesmelt transition, reveals monotonic melting point
depression due to diminishing crystal sizg € 93°C, 86°C, and 74 °C in 55 nm, 23 nm, and 7.5
nm CPG respectively). The temperatures of the first endotherm im8%28 nm CPG are higher
than the corresponding bulk value of %M. Subsequent cooling scans revealed an exothermic

event atT = 75, 70, and 44 °C for 55, 23, and 7.5 nm CPG, respectively, attributable t
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crystallization ofa-C5. A heating scan performed immediately upon reaching teamperature
revealed only one endothermic peak at a temperature near thatsgfcond endothermic peak in
the initial scan, attributable (by PXRD) to melting of embedddeC5 nanocrystals that were

produced exclusively by cooling of the embedded melt.
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Figure 2-6. (A) A portion of a DSC scan collected from 25 € to 110 € for C5 obtained
commercially. The first endotherm corresponds to the B—a transition (AHg_,, = 2.34 = 0.06
kJ/mol) and the second to the a—melt transition (AH,_meir = 21.3 £ 0.6 kJ/mol). (B) PXRD of
C5 crystals that confirm the B—a transition upon heating. Key for labeled peaks in (B): a:
o(40-2); b: a(31-1); c: a(112); d: a(51-1); e: o(800); f: a(312); g: a(602). Because the single
crystal structure for a-C5 was collected at 100 C, the diffraction peaks attributed to «a-C5
acquired at 80 T were shifted slightly to lower 2 6 values owing to thermal expansion).
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Figure 2-7. (A) PXRD for C5 nanocrystals, grown by evaporation of imbibed methanol
solutions, in (a) 7.5 nm, (b) 23 nm, and (c) 55 nm CPG, and after crystallization from the melt
of these nanocrystals in (d) 7.5 nm, (e) 23 nm, and (f) 55 nm CPG. (B) PXRD for C5
nanocrystals, grown by evaporation of imbibed methanol solutions, in (a) 14 nm, (b) 30 nm,
and (c) 40 nm p-PCHE, and after crystallization from the melt of these nanocrystals in (d) 14
nm, (e) 30 nm, and (f) 40 nm p-PCHE.
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Figure 2-8. DSC heating scans, acquired with 5 C/min scan rates, illustrating the thermal
behavior of C5 nanocrystals embedded in the three pore sizes of CPG. The two sets of data
provided for each pore size correspond to DSC of (lower) the B-C5 nanocrystals formed upon
evaporation of methanol from 30% (wt. % C5) methanol solutions imbibed by the CPG, and
(upper) the o-C5 nanocrystals formed upon melting and recrystallizing the embedded
nanocrystals. The vertical dashed lines indicate the melting of a-C5 nanocrystals, and the
vertical solid lines indicate the B—a transformation. The DSC traces do not exhibit a signature
associated with melting of bulk C5 (T, = 99 ), indicating that the entirety of the C5 c ontents
was located within the pores.
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Figure 2-9. Variable temperature PXRD patterns of C5 nanocrystals embedded in 55-nm-
CPG illustrating the transition from pB-C5 to a-C5 upon heating.
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The molar enthalpies for tie>o anda—melt transitions of bulk C5 crystals akéls_, buk =
2.34 + 0.06 kJ/mol andH, ,merpux = 21.3 £ 0.6 kd/mol, a ratio of 1:9. Surprisingly, f3C5
embedded in 7.5 nm CPG (initially formed by methanol evaporatigm)sthieversed, such that
the ratio of the heat flow of the two endotherms (first:second)3h This disparity between the
bulk and nanoconfined forms diminishes with increasing CPG pore(Biz8:(second) = 4.5:1
for 23 nm, 1:2.5 for 55 nm. Collectively, these observations suggéshéfia->a transformation
is suppressed by confinement and the first endotherm observeBGnigCactually due to a
B—melt transition, which would be expected to yield a significahifyher molar enthalpy than
the B—a phase transition. The observation of a remnantnelt signature (the second peak)
suggests partial (exothermic) crystallizatiorne€5 from thef melt on the time scale of the DSC
measurement, which would partially offset the endothermic heat fbr the B—a phase
transformation. The meklfa crystallization temperature3 ,,) observed in the reverse cooling
scans are lower than th&_m., Which accounts for the absence of any significant
crystallization from thel melt during the heating sca@ollectively, these results reveal an
unusual size-dependent change in the phase behavior, from enantiotropic to monotropic, wherein
the temperature for the melting fnanocrystals is lower than that of fhe>a transition when
confined in nanometer-scale cavities. This implies Tyg} is not reduced with decreasing pore
size to the same degreeTasmer It Should also be noted, however, that this behavior also might
reflect a “kinetic” monotropism, wherein the rate of fiea transition is slow on the DSC time

scale, possibly due to a negligible number of defects in nanosized cpystasting the change.

The relationship between melting temperature and the sigeysthils embedded in CPG and
p-PCHE pores has been explained by the Gibbs-Thomson equation (EquatithNeagy
reports have assumed an absence of contact between the st®enyd channel walls, which is

58



Chapter 2: Properties of Ultrasmall Crystals

tantamount t® = 180° and affords the simplified version equation (Equation 25H", p and
» are assumed to be independent of crystal size the Gibbs-Thomsatioe predicts a linear

relationship betweeAT,, and 14, the latter presumed to be equal to the channel diatheter.

The AH"™ of a-C5 nanocrystals embedded in CPG, measured from the singlengmelti
endotherm evident in the DSC scan of the samples reheagededtystallizing C5 from the
embedded melt (nB-C5 detected by PXRD), decreased monotonically with decreasingigere
(Figure 2-10A)V.i A least squares fit Of,_,mer VS. 18 for both a-C5 andB-C5 was reasonably
linear (Figure 2-10B) despite the decreasing valuesH3f with decreasing pore size. This has
been explained by equation 2.6, which is obtained by substitutigicof® with y4-ysaccording
to the Young equation (See Chapter 1, Equation 1THg.surface energies of the embedded
nanocrystals are expected to approach that of their corresporglirdy With decreasing crystal
size, thereby reducing the magnitudeygf... The linearity of the data in Figure 2-B has been
explained by a diminishingy-y.s (and therefore cad) term that offsets the decreasitg™ with
decreasing pore size. Extrapolation td 2/0 (i.e. infinite pore size) affordedTa.,mei,puiky = 95
°C and a (hypotheticall_mel,puiy= 88 °C. The lower value df_,merpuk) IS consistent with the

enantiotropic character of bulk C5.

C5 nanocrystals grown in 14, 30 and 40 nm p-PCHE by evaporation from dniiédanol

solutions produced a mixture afC5 andp-C5 in 14 nm p-PCHE, but onl-C5 in 30 and 40

v. We note, however, thatH™ can decrease with decreasing crystal size fornicgarystals confined in
CPG and porous polymer monoliths. See referendésahd 13.

vi. AH"™ (55 nm) = 18.0 + 1.6 kJ/moAH™ (23 nm) = 16.7 + 1.0 kd/mol, antH™ (7.5 nm) = 9.9 + 0.9
kJ/mol
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Figure 2-10. (A) Molar enthalpies of fusion, Aﬂfus, of a-C5 embedded in CPG pores of various
diameters d. (B) Melting temperatures, T, of a- and B-C5 nanocrystals embedded in CPG
pores of various diameters, d, with the bulk melting temperatures extrapolated from a linear fit
of Ty vs. 1/d. The bulk B—a transition is indicated by the horizontal dashed line, and regions
of a-, B-, and melt C5 within the CPG nanopores are denoted by phase.

nm p-PCHE. The sizes of the nanocrystals, determined frofulheidth at half maximum

(fwhm) of selected peaks and the Scherrer equétimere consistent with the pore diametérs.

vii.The dimensions of the embedded nanocrystalsbeaestimated by the Scherrer equatibr, KA/(B.
cos 0), whered is the crystal diametekK is the Scherrer constant (usually assumed to bBe Di9 the

12 \whereByps

X-ray wavelengthB; is the corrected peak width at the fwhm such Baat (Bope - Bins?)
is the observed peak width at the fwhm &g, is the instrumental peak broadenimjis the Bragg

angle. See Cullity, B. CElements of X-ray Diffraction; Addison-Wesley: Reading, MA, 1978. Klug, H.
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After five months, a mixture of-C5 andp-C5 was observed in 30-nm p-PCHE (Figure 2-11).
Melting and recrystallization of C5 nanocrystals in p-PCHierded o-C5 exclusively in all
three pore sizes, andC5 persisted indefinitely when embedded. Exclusive formatios-Gb
also was observed when C5 was imbibed initially from the mbkse results argue that, as in
CPG, a-C5 is thermodynamically favored at these nanoscale dimengippesite to the bulk
behavior. This also indicates tH&C5 is a kinetic product when crystallized by evaporation of
imbibed methanol solutions. Collectively, the behavior of C5 in CR& mPCHE illustrates
size-dependent polymorph stability wishC5, which is metastable in the bulk, becoming more

stable at ultrasmall pore sizes.
2-4.3: Pimelic Acid

Three polymorphs,denoted o, B, and y, have been reported fopimelic acid
(HOOC(CH)sCOOH, denoted here as C7). The crystal structuresi-6f7 and p-C7 are
known>**! buty-C7 has been identified only by thermal analysis; its siegystal structure and
powder X-ray diffraction (PXRD) pattern have not been reporteck Buyistals of C7 obtained
commercially were identified g%C7 by comparison with the PXRD pattern expected from its
single crystal structurgd-C7 was stable indefinitely at room temperature. DSC measumts

revealed an endothermic event at 74 °C upon heating (Figure Hu2Ap gi—a transition, as

P.; Alexander, L. EX-Ray Diffraction Procedures for Polycrystalline and Amorphous Materials;
Wiley: New York, 1974.

viii . Thea(402) reflection was used to determine diagnosert®¥s crystal size in the 14 nm p-PCHE and

30 nm p-PCHE because the nanocrystal orientatidghiwthe pores suggested thé402) plane was
perpendicular to the pore walls and would give ltkst estimate of nanocrystal size. TH{202) was

used to determine thieC5 crystal size in all three pore sizes of p-PdblEhe same reason.
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Figure 2-11. lllustrative PXRD data for C5 nanocrystals embedded in 30nm p-PCHE after
evaporation of the methanol solvent from an imbibed 30% (w/w) methanol solution. The 3-C5
nanocrystals transformed to a mixture of a-C5 and B-C5 under ambient conditions. The upper
diffraction pattern was obtained after melting the embedded B-C5 nanocrystals and then
cooling to room temperature.

determined by variable temperature PXRD. The Bragg peaks pongiag to the (102) and
(121) reflections of-C7 (D = 23.0° and 26.7°, respectively) disappeared at 99 °C, accompanied
by the appearance of two new peaks@&t221.9° and 25.7° (Figure 2-12B). DSC revealed an
endothermic event at the same temperature corresponding to-theransition, as reported
previously>?°***Although the (002), (020), (021), (120) and (12-1) peaks originally attdtiate
a-C7 appear to persist at 99 °C, the disappearance of the (DR} 21) peaks argues these are
simplyy-C7 that overlap with the original peaks. Upon further heatingC7 melts at 106.5C.

The molar enthalpies for the phase transitions, measured Gy W&eAH;_,, = 1.49 + 0.03
kJ/mol andAH,,, = 1.31 + 0.03 kJ/mol. These values were significantly smalian that
determined for melting of the phase,AH, ,mer = 28.4 + 0.3 kJ/mol, as expected, and they
compare well with those reported in the literatureAH{,,=1.41 + 0.07

kJ/mol AH, ,,=1.3120.03 kJ/MOJAH, ,mer=28.4 + 0.3 kJ/molj>*>** Cooling the bulk melt
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Figure 2-12. (A) DSC data collected for bulk pimelic acid (C7) during the first heating ramp
(solid) and during a second heating ramp (dashed) after cooling from the melt at 5 T/min. The
first ramp reveals the B—a, a—y, and y—>melt transitions. The second ramp reveals the a—y
and y—melt transitions, but no B—a transition. The cooling traces (not shown) revealed two
exothermic events corresponding to the melt—y and y—a transitions. (B) Variable temperature
powder XRD patterns of C7. The asterisk symbol (*) denotes Bragg reflections of the y-form.

from above 106.5 °C at 8C/min revealed g—a transition by DSC and PXRD, but no
subsequentt—f transition, indicating that thp form does not crystallize from the melt over
short time scales (~10 min.). Indeed, DSC data reveale@16&t did not appear until after at
least one hour at room temperaturbe a-C7 crystals obtained by cooling the melt transformed

back toy-C7 upon heating with no detectable formatiof3-«Z7.
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PXRD of C7 nanocrystals grown in CPG (7.5, 23, or 55 nm pores) or p-PCH#r, 30 nm,
or 40 nm) by evaporation of methanol from imbibed saturated methantbssl(20 w/w% C7)
revealed the formation of eitherC7 or 3-C7 phase, with a majority of the samples (~60%)
containinga-C7. Crystallization in p-PCHE, however, revealed the exclUsinmation ofa-C7
in all three pore sizes. This behavior contrasts with theredatsen of mixtures ot-C7 andp-
C7, in varying ratios, upon evaporation of methanol from bulk isolsitof C7 under ambient
conditions. The crystal dimensions, as determined from the fwhimeoBtagg were consistent
with the pore diametefs.

C7 nanocrystals also were grown within the CPG and p-PCHE cemthy allowing the
matrices to imbibe molten C7 (CPG only) or by melting C7 embeddethe pores by
evaporation of imbibed methanol solution, followed by cooling to room teanper C7
nanocrystals thus formed in 7.5 nm CPG exhibited Bragg peaksathlat not be assigned te
C7,B-C7, ory-C7 (Figure 2-13A), with new reflections a 2 13.6°, 19.6°, 21.9°, and 25.3°.
These data are consistent with a new polymorph, denoted hei@i@7adn contrast, cooling of
the embedded melt in 23 nm CPG produced eher or a-C7, but not both simultaneously,
and onlya-C7 form was observed in 55 nm CPG. PXRD revealed thad-tbé nanocrystals
embedded within the 7.5 and 23 nm CPG transformed partiadiywithin one month (although

in one sample thg polymorph was observed instead without arfprm). Crystallization from a

ix. Nanocrystal dimensions were estimatedd-C7 using the peak att2= 22° (for 7.5 nm CPG and all p-
PCHE samples) and fer-C7 using the peak at 26 = 23° (for 23 and 55 nm-CPG): 7.5 nm CPG: 13
nm, 23 nm CPG: 29 nm, 55 nm CPG: 41 nm, 14 nm p£a nm, 30 nm p-PCHE: 22 nm, 40 nm p-
PCHE: 25 nmThe fwhm resolution of the instrument was approximately 0.27° (20) over the 260
range of 15°-35°, allowing for a maximum crystal size estimate of 30 nm by the Scherrer

equation.
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bulk melt in contact with nonporous glass beads (NPG) or anralamDSC pan afforded-C7
(Figure 2-13A), with partial transformation afC7 toB-C7 within one houf.This observation
indicates that the formation 6fC7 is a consequence of size confinement, not contact with the

glass walls of the CPG pores.

PXRD of C7 nanocrystals grown in 14 nm and 30 nm p-PCHE by cooling of the confilied me
(at 5 °C/min) exhibited Bragg reflections consistent witblusive formation 0©6-C7, whereas
crystallization within 40 nm p-PCHE revealed a mixturexe€7 ands-C7 (Figure 2-13B, see
also Figure 2-14C). Crystals grown from a melt in contaitt mon-porous PCHE films produced
a-C7 solely, confirming that the formation 8fC7 in the p-PCHE monoliths was due to size
confinement, not the p-PCHE pore walls. L€7 in 7.5 and 23 CPG, tl8eC7 embedded in 30
nm p-PCHE transformed partially t6C7 within one month (Figure 2-14). TheC7 embedded
in 14 nm p-PCHE, however, remained stable for more than oneMeadifferent stabilities of
8-C7 in 14 nm p-PCHE and 7.5 nm CPG, in whiel7 transformed partially ta-C7, most
likely reflects less uniformity of pore sizes and the texise of pore intersections in CPG, where
C7 crystals can grow larger than 14 nm. Collectively, thesealtse demonstrate that size
confinement can produce new polymorphs that are not observed inlkheéMlomeover, these
results demonstrate thete stability ranking of the polymorphs changes with size, with 5-C7

becoming more stable thanas crystal size decreases, in both CPG and p-PCHE.

x. XRD analysis indicated thatp ratio in the mixture was approximately 60:40, atedwined from the
structure factors of the known pure crystal formsignifying thato crystallizes from the melt and

eventually transforms t® when in contact with a glass surface.
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Figure 2-13. (A) PXRD from C7 nanocrystals grown from melts confined within CPG and
nonporous glass beads (NPG). The 5-C7 polymorph crystallizes in 7.5 nm CPG. (B) PXRD
from C7 nanocrystals grown from melts confined within p-PCHE. The §-C7 polymorph
crystallizes in all three pore sizes. Diffuse scattering from the amorphous CPG and p-PCHE
matrices is subtracted for clarity in all data.
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Figure 2-14. 2D u-XRD data for 3-C7 embedded in (A) 14 nm p-PCHE, (B) 30 nm p-PCHE,
and (C) 40 nm p-PCHE. The panels on the left side represent samples after one hour (left).
The panels on the right represent the same samples after 12 months (right). The diffraction
arcs are discontinuous, with localized bands of intensity that signify preferred orientation of the
nanocrystals. The widths of these bands are characteristic of nanometer-sized crystals of 5-C7
and o-C7 nanocrystals, highlighted by circles and squares, respectively. The discrete
diffraction spots with narrow line widths correspond to a few bulk a-C7 crystals on the external
surface of the monolith. Collectively, these data indicate that the stability of 5-C7 toward
transformation to o-C7 decreases with increasing pore size.
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DSC and PXRD revealed that tleC7 nanocrystals in CPG persisted upon heating until
melting, exhibiting melting temperatures that decreased monatlynwith decreasing pore size
(Figure 2-15A). A similar trend also was observeddd&t7 nanocrystals in p-PCHE (Figure 2-
15B)X A fit of the Ty, values for3-C7 nanocrystals in CPG or p-PCHE according to equation 2.6
produced a y-intercept @/= 0, d = «) of 103 °C (Figure 2-15C), corresponding to a
(hypothetical) bulk melting temperature fC7. This value, which is not measurable in bulk
form, is less than the measured bulk melting pointTfprfor y-C7 (106.5 °C), as expected for a

phase that is metastable in the bulk.

2-4.4: Suberic acid

Only one polymorph has been reported for suberic acid (HOO§{CBIOH, C8). This
polymorph, denoted here asis stable at room temperature and has been characterizauytey
crystal X-ray diffractiorr> DSC of bulk C8 revealed endothermic events at 134 °C (9.18 + 0.15
kJ/mol) and 143 °C (30.1 = 0.6 kJ/mol at 143 °C) (Figure 2-16A)odinrtemperature, PXRD
revealed diffraction peaks diagnostic @fC8" These reflections vanished at 135 °C with
concomitant appearance of new peakQéat 11.1°, 20.7°, 21.9°, and 23.3° (Figure 2-16B).
Optical micrographs of the crystals collected over the sam@erature range revealed that the
transparent-C8 crystals became opaque and fractured at 134 °C, followed hggreltl43 °C.
Collectively, these data signal a transformatiorwed®8 to a previously unreported polymorph,

designated here g5C8. Adequate crystals for single crystal diffraction could b®tbtained,

Xi. T(55 nm CPG) = 98.6 0.1 °C,T;(23 nm CPG) = 92.2 0.6 °C, and (7.5 nm CPG) = 74.5 0.7 °C.
Tn(40 nm p-PCHE) = 97.2 0.9 °C,T(30 nm p-PCHE) = 94.1 0.7 °C, and (14 nm p-PCHE) = 85.1
+1.2°C

Xii. a(100) at ® = 10.0 , a(110) at B = 20.2°,0(11-1) at ® = 21.5°, andx(20-2) at B = 24.8°.
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Figure 2-1. (A) The endothermic events observed by DSC upon heating for C7 crystals
formed by cooling of melts confined in (A) CPG and (B) p-PCHE (7.5 nm CPG: 25.3 + 1.7
kJd/mol; 23 nm CPG: 23.1 + 1.3 kJ/mol; 55 nm CPG: 24.8 £ 1.1 kJ/mol). The cooling scans (not
shown) for (A) and (B) each reveal a single exothermic event with a molar enthalpy equal in
magnitude to the melting endotherms in the heating scans. Determination of the molar
enthalpy of fusion for C7 in p-PCHE was precluded by difficulties in determining the mass of
C7 embedded in the monoliths. (C) Dependence of the melting temperature, T, on the
inverse of the pore diameter, 1/d, for 3-C7 crystals in CPG (squares) and p-PCHE (triangles).
The solid and dashed lines represent least squares fits of data for CPG and p-PCHE,
respectively. Crystals embedded in 40 nm p-PCHE are a mixture of §-C7 and a-C7. The
empty circle represents an expected bulk melting temperature of 8-C7 crystals, obtained by
extrapolating linear fits to the data.
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Figure 2-16. (A) DSC heating and cooling scans collected for C8 powder and C8
recrystallized from the molten powder. (B) Variable temperature PXRD data collected for C8,
illustrating the transition from a—f upon heating. Asterisked (*) reflections denote B-C8.
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precluding assignment of tH&C8 peaks. The\H, s (9.18 + 0.15 kJ/mol) was substantially
larger than that observed for similar in other dicarboxytidsi" This transformation was
reversible upon cooling for crystals grown from either methawiatiens or C8 melts (Figure 2-
16A).

PXRD of C8 nanocrystals grown from 30 wt% methanol solutions in f@R&aled exclusive
formation ofa-C8. DSC revealed endothermic events corresponding to melting at 110 a2l 118 °©
for 7.5 nm CPG, 132 °C for 23 nm CPG, and 137 °C for 55 nm CPG, indio&tive influence
of crystal size on melting point depression. The melting endothefirh0 °C for 7.5 nm CPG can
be attributed to crystals embedded in the CPG pores whereasdbterm at 118 °C can be
attributed to larger nanocrystals that exist in the larg&fsvformed by intersecting pores. PXRD
revealed that the-C8 crystals melted in 23 nm and 7.5 nm CPG without any transforntation
[-C8 like that observed in the bulk (Figure 2-17A). In 55 nm CPG, howBYdRD revealed that
the crystals transformed C8 just prior to melting, which account for the shoulder observed by
DSC at 134 °C. These data reveal that confinement in hanoporessiEpthe melting point to a
greater extent than the—[ transition temperature, resulting in a change from enantiotropi
behavior to monotropic with decreasing crystal size. Crysaithim of C8 from methanol in p-
PCHE monoliths produced-C8 exclusively, but the high melting temperature of C8, redativ
the Ty of PCHE, precluded reliable examination of the thermotropic ptiepesf the embedded
nanocrystals.

Cooling of the embedded C8 melt at 5 °C/min produced exotherms deeryetallization of

B-C8 (by PXRD) at 99 °C for 7.5 nm CPG, 123 °C for 23 nm CPG, and 18dr %5 nm CPG,

xiii. Molar enthalpies and transition temperaturls_,, c3 = 1.86 + 0.02 kJ/mol, 101 °@Hg_,, cs = 0.30
+ 0.02 kd/mol, 152 °CAHg ,4,cs = 2.34 + 0.06 kd/mol, 76 °@QHg_,,c7 = 1.41 + 0.07 kd/mol, 74 °C;
AH,_,, c7= 1.30 £ 0.03 kJ/mol.
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paralleling the melting point depression and signaling greatppression of nucleation with
decreasing pore size. Unlike bulk crystals, these confirédl nanocrystals persisted indefinitely
at room temperature. DSC of tBeC8 nanocrystals crystallized from the embedded melt in 55
nm CPG revealed a small endotherm at 62 °C, followed by an exofiparmming 80-100 °C,
which in turn was followed by two endothermic events, a shouldE34fC and a peak at 137 °C
(Figure 2-18A). Variable temperature PXRD revealdtlsa transition at 60 °C accompanying
the first endotherm, but no noticeable changes over the range of 8@1Qthich suggests
crystallization ofa-C8 from an amorphous phase that did not conve#@8 upon cooling in the
previous scan. The endotherms at 134 °C and 137 were due to theo—p and
B-melttransitions, as described above. TRE8 nanocrystals in 23 nm CPG exhibited only a
small endotherm at 60 °B-Ho) and a large endotherm at 132 °@-nelt). The 3-C8
nanocrystals in 7.5 nm CPG produced endotherms only at 110 °C and 12@@p o-C8
detectable by PXRD prior to complete disappearance d3-tb& nanocrystals by melting at 120
°C (the endotherms at 110 °C and 120 °C are consistent3with nanocrystals embedded in

differently sized pores, as described above).
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Figure 2-17. PXRD of C8 nanocrystals embedded in (A) 23 nm CPG obtained by cooling of
an imbibed C8 melt and (B) 30 nm p-PCHE grown by evaporation of methanol from imbibed
methanol solutions. For each plot, the bottom pattern is the calculated XRD pattern of a-C8.
The reflections in (A) due to B-C8 and a-C8 were marked as ‘¥’ and ‘ T, respectively. In (B),
the reflections due to a-C8 are superimposed on two large, broad peaks due to amorphous
scattering from the p-PCHE monoliths. No B-C8 was observed in the monoliths.
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Figure 2-18. DSC of C8 crystallized from the melt embedded in (A) 55 nm CPG; inset: data

expanded along y-axis; (B) 23 nm CPG,; inset: data expanded along y-axis; (C) 7.5 nm CPG.

Expanded DSC data for C8 nanocrystals embedded in 55 nm CPG and 23 nm CPG provided
in the insets of (A) and (B), respectively.
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Figure 2-19 Phase diagram illustrating the phase boundaries for C8 nanocrystals in CPG
obtained by cooling of an imbibed C8 melt. Replicate measurements are designated by
additional symbols at each inverse pore size.

2-4.5: Coumarin

A common material found in plants, coumarin (1,2-benzopyronekeésl for its aromatic
properties in products such as perfumes, and its derivatieesvali-known laser dyes.
Coumarin crystals themselves are photochemically inertwheth mixed with photosensitizers
can undergo topochemical reactions to produce photodimers. The crysballafaboth coumarin
and its photodimers have been investigatéd;>* but only one crystal structure for coumarin,
denoted here ag, has been reported. Single crystalssetoumarin have been grown readily
from ethyl ether and aqueous alcohol solutih¥.We have observed thatcoumarin can be
obtained by crystallization from ethyl acetate, acetdajtmethanol and its melt (in aluminum
DSC pans). DSC of coumarin that had crystallized on NPG rev@aled 71 °C, in near
agreement with the bulk value of 72 °C. Bulk coumarin crystdé® sublime at room

temperature.
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DSC revealed that nanocrystals of coumarin formed in CPG byngoalian infiltrated melt
to room temperature exhibited monotomiel™® and T,, depression with decreasing pore size
(Figure 2-20A and CJ' reinforcing previous observations of size-dependent melting point
depression and melting enthalpy. PXRD revealeddkaiumarin formed exclusively within the
55 nm CPG. In contrast, the diffraction peaks for the crystalsedded in 23 nm CPG were
inconsistent witho-coumarin:’ Instead, this diffraction pattern signals a new polymorph of
coumarin, denoted here pscoumarin. The 7.5 nm CPG samples exhibited diffraction péaks t
could be attributed to both polymorphs, althoughffHerm was clearly predominant (Figure 2-
21A). Attempts in our laboratory to obtain a single crystal Befoumarin suitable for
crystallography were unsuccessful. Collectively, these teegudlicate thati-coumarin is more
stable for crystal dimensions of 55 nm or greater wheffeasumarin is more stable for crystal

dimensions 23 nm or smaller.

xiv. Tm= 34 °C (7.5 nm), 56 °C (23 nm), and 67 °C (55 nxi)"** = 7.3+ 0.8 kJ/mol (7.5 nm), 14.4 0.5
kJ/mol (23 nm), and 166 0.3 kJ/mol (55 nm). The melting enthalpy for watkicoumarin was 17.2
0.4 kd/mol.

xv. Observed: @ = 12.4, 15.6, 16.#4, 17.6, 19.3, 21.6, 24.2, 25.0, 26.4, 28.0, and 292 Expected
for a-coumarin under ambient condition® 2 11.4, 15.6, 16.0, 16.6, 19.4, 20.F, 22.5, 23.0,
25.3, 27.5, 28.7°, and 29.8.
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Figure 2-2. DSC of coumarin crystals embedded within (A) CPG and (B) p-PCHE, collected at
a scan rate of 5 T/min. (C) Melting temperature of coumarin crystals embedded in CPG (m)
and p-PCHE (A). Solid lines represent the melting temperature of B-coumarin crystals
embedded in CPG and p-PCHE whereas a dashed line represents that of a-coumarin
nanocrystals embedded within CPG. The empty circle represents an expected bulk melting
temperature of B-coumarin crystals, obtained by extrapolating linear fits to the data.

The melting point of coumarig,,ux = 72 °C) is below th&g of the p-PCHE monolithsT{ =
136 °C), which allows infiltration of the pores by molten coumaRXRD of embedded
nanocrystals formed upon cooling of the melt samples revealedctiifin peaks attributable to

B-coumarin in 14 nm p-PCHE, and a mixture ofx- andp-coumarin in 30 nm and 40 nm p-

xvi. Analysis of the 8 = 25.00 Bragg reflection fwhm by the Scherrer equation ad®é crystal size
estimates of 13 nm for 14 nm p-PCHE samples, 24amB30 nm p-PCHE samples, and 22 nm for 40
nm p-PCHE samples.
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Figure 2-21. PXRD of coumarin crystals embedded in (A) CPG and (B) p-PCHE at room
temperature for 55 nm, 23 nm CPG, and all p-PCHE. PXRD in 7.5 nm CPG was collected at 5
°C owing to the melting point depression that resulted in partial melting at room temperature.
Contributions from amorphous scattering from the CPG and p-PCHE were subtracted from the
data. The asterisks denote the reflections for f-coumarin.

10 30

PCHE (Figure 2-21B). Th@-coumarin nanocrystals in CPG and p-PCHE exhibited linear
relationships between melting temperature and crystal sige,dedermined from DSC
measurements (Figure 2-20). Extrapolation of the data for pEPtGH.H = 0 (bulk crystal size)

suggested that thg, of B-coumarin was approximately 65 °C, which is lower than that l&fdou

coumarin (72 °C) and consistent witltoumarin being metastable in the bulk (Figure 2-20C).
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2-4.6: Summary

The regulation of polymorphism is an issue of critical importanceany technologies, as
underscored by challenges in the pharmaceutical sector, whemegoply screening and control
are crucial aspects of drug development. The results destrdenh illustrate the influence of
nanoscale confinement on polymorphism, with polymorph stability crossogervelnl in some
compounds and a surprising shift from enantiotropic to monotropic behMaoeover, growth
in the nanoscale pores affords polymorphs that heretofore have motdpeeted, suggesting a
unique route to polymorph discovery. Collectively, these observatdiest the delicate balance

between surface energy and volume free energy in the nanoscale size regim

2-5. Preferred Orientation Behavior of Dicarboxylic Acid and

Coumarin Crystals Under Nanoscale Confinement.

In the previous section, we discussed the polymorphism and thermotropic bebbuiystals
of severalo,m-alkanedicarboxylic acids (pimelic, suberic, and glutaric acatg) coumarin
within the nanopores of porous poly(cyclohexylethylene) (p-PCH&)atiths and controlled
pore glass (CPGY. We exploited the size constraints imposed by the porous nsatiice
demonstrate for the first time the formation of previously umtegad-pimelic acid andp-
coumarin polymorphs and the transition of glutaric acid from an eneoyic system to a
monotropic system under size confinement. Whereas the pores QfPBeemployed in that
report were tortuous and had nonuniform pore diameters, the potles pfPCHE were well-
ordered aligned nanocylinders with highly uniform pores (Figug2)2-which facilitated the
examination of the orientation of embedded nanocrystals relative to theiggoted. Herein, we
describe the effects of confinement on the orientation ofiassefa,w-alkanedicarboxylic acid

79



Chapter 2: Properties of Ultrasmall Crystals

nanocrystals and coumarin nanocrystals embedded in the one-dimepsi@sabf p-PCHE. The
nanocrystals exhibit preferred orientations that reflect thghtesd competition between surface
and volume free energies for nanoscale crystals. Dr. JeongAdgyéla performed the
experimental work and presented the original discussion of #hdtgeas part of his Ph.D.
thesis?® The results discussed herein are presented in their tgenbezause this author

contributed to the final discussi6n.

0
00
00
0

Figure 2-22. Scanning electron micrographs of a p-PCHE monolith with a hexagonal array of
cylindrical pores (d = 30 nm). (Right) Schematic representations of nanocrystals grown in the
pores of the porous matrix. Figure adapted from reference 40. Copyright 2004 American
Chemical Society. Used with Permission.

2-5.1: Sample Preparation

The p-PCHE monoliths were prepared by chemically etching hitveagonally packed
cylindrical polylactide (PLA) domains from shear-aligned PAME diblock copolymer§?
Three sets of PCHE-PLA block copolymers, with different compbmeeight fractions and
molecular weights, were used to produce monoliths with threadigtore diameters. Scanning

electron microscopy (SEM) of etched monoliths prepared from thestt® of PCHE-PLA
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diblock copolymers revealed hexagonal arrays of cylindrical poreslwitim, 30 nm, and 40 nm
diameters oriented parallel to the direction of diblock alignmeme. degree of the pore order was
measured from small-angle X-ray scattering (SAXS) by2he order orientation factor ,.f?
Only monoliths exhibiting £> 0.80 were used in this study, as 0.80 was the minimuvalke
for which nanocrystal orientation could be determined. Most monoliths exhiite0.90.

A series ofa,m-alkanedicarboxylic acids (HG(CH,),.COH, n = 2 - 15 we denote the
diacids as @ herein) and coumarin (1,2-benzopyrone) were crystallized nwitteé pores of p-
PCHE monoliths by either immersing the porous matrices in &amelt solution of a single
species or immersing the matrices in a melt of the speCapillary action drew the liquids into
the pores. The methanol-loaded samples were then dried under vacuuhe andltt loaded
samples cooled to room temperature to induce crystallizationpTR@HE monoliths exhibit a
glass transition temperature of 136 ™Cgbove which the pores collapse. Thus, only the
molecules exhibiting melting points below this glass transitoarharin and 6, n=5, 7, 9, 11,
13, 15) could be embedded within p-PCHE from the melt, although onln&a were loaded
within the monoliths this way. Samples of C3, C9, C11 and C13 wepamed by imbibing
methanol solutions within the pores, crystallizing the diabygl®vaporation, and then melting
and recrystallizing the embedded diacid material. This treatmerfonad to improve the quality
of the nanocrystal orientation within the pores. Additionallyhalgh the melting point of bulk
C3 crystals is above the glass transition of the monoliths, 68cngstals embedded within the
pores from methanol solutions exhibit melting temperature depnesgfficient to allow melting
and recrystallization. The other diacidm(@ = 2, 4, 6, 8, 10, 12, 14) were grown from imbibed
methanol solutions. Nanocrystals of C5 and C7 were also dizesthivithin the p-PCHE from
methanol solution in addition to crystallization from melt. Coumaras embedded within the p-

PCHE from the melt, although the material sublimed when ttethis way. Attempts to grow
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coumarin in the monoliths from methanol solutions failed becausesabeum drying step
resulted in complete removal of the coumarin from the pores.

After crystallization, the exteriors of the p-PCHE nwds were swabbed with a soft,
methanol-dampened paper towel to remove any external diacid or roumsidue prior to
characterization. The,o-alkanedicarboxylic acids consist of an alkyl backbone withaegylic
acids on the two terminal carbons. These compounds are availdible range of backbone
lengths. The crystal structures for C2-C5 are dominated kg-tlimensional hydrogen bonding
schemes that result from the conformational limitationgoised by the small molecule size. In
contrast, the larger dicarboxylic acids, C7-C15, adopt lineaoomations with one-dimensional
hydrogen bonding schemes. The acid groups of the molecules form heeabtadimers,
resulting in long chains of molecules packed parallel to one andb&bly, C7, C9, C11, and
C13 all adopt the same space grougiaqrm: P2/c) and exhibit similar molecular packing.

The nanocrystals embedded in the aligned cylindrical nanopordg qi-PCHE monoliths
were characterized by wide-angle X-ray microdiffractippXRD) using a 2D area detector. The
2D pu-XRD data were collected over the left quadrant &5°< 135°) of the full circle of Bragg
reflections at values of 2.5° 20 < 37.5°. Theu-XRD data collected for each sample exhibited
Bragg reflections consistent with the formation of crystathin the nanopores. Analysis of the
peak widths by the Scherrer equation produced crystal simgatst comparable to the p-PCHE

pore diameter! The polymorph of the nanocrystals were determined by intagrtie 2Dp-

xvii. Comparison of 1-D powder patterns generated fra2tD u-XRD data with patterns generated from
the known dicarboxylic acid crystal structures akal for polymorph identification. Analysis of the
peak widths by the Scherrer equation (see: CulBy). Elements of X-ray Diffraction: Addison-
Wesley: Reading, MA, 1978.) produced crystal sig@mates consistent with the diameters of the p-
PCHE pores.
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XRD data to generate a 1D powder diffraction pattern, and compaengositions (@) of the
Bragg reflections on the 1D pattern to the positions of Brafjgctions in powder patterns
generated from the known crystal structures of the moleclites2D Bragg reflections collected
for C3, C5, C7, C9, C11, C13 and coumarin nanocrystals appearedsasitaravell-defined
intensity maxima, located at specific azimuthal angles ). In contrast, the Bragg reflections
collected for C2, C4, C6, C8, C10, C12, C14, and C15 nanocrystals appeareadasrosowith
no intensity maxima. The observation of intensity across a rehgegalues rather than discrete
points indicates that the nanocrystals adopt a statisti¢deébdigon of orientations. In the case of
the arcs with clear intensity maxima, this distributiorali®mut an average preferred orientation
with respect to the cylinder axis. The reflections eximgino intensity maxima indicate that the
orientations of the nanocrystals are random within the pores. Consieiyethe orientation
behavior of only C3, C5, C7, C9, C11 and C13 were examined. The Brdggfioaf arcs
collected for nanocrystals of these species were suffitieninambiguous identification of the
nanocrystal orientation within the monolith pores.

The crystal orientations can be determined from the positiotie dragg reflectionshgksl,),
as given by the coordinatesd(3) on the 2D detector (Figure 2), by calculating the angje (
between the Miller planédhfk,l,) and the Miller planehikil,), perpendicular to the pore direction
(Equation 2.7). The identity ofhfkil;), can be determined by trial-and-error, calculating the
interplanar angles betweemKl,) planes and trial values df;kl,), until a self-consistent set of
¢ values that agrees with the data is obtained. The crystgbloig direction parallel to pore

direction can be defined as perpendiculahi&l;), .

cosp = co$ co8 2.7
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Figure 2-23. Configuration for diffraction using the u-XRD, equipped with a 2D detector. The
nanoporous monolith with embedded nanocrystals (depicted here as only a single cylinder) is
held in a fixed orientation with respect to the detector, with the beam targeted at the right edge of
the detector. Reflections from specific crystal planes produce diffraction spots on the 2D detector
at coordinates of (20,5), where 26 is the Bragg diffraction angle and § is the azimuthal angle on
the detector that reflects the orientation of that plane with respect to = 0% which coincides here
with the pore axis (the normal setting for experiments described herein). Arcs of intensity (rather
than discrete points) signify a distribution of orientations of the reflecting plane about the
preferred orientation. Continuous bands of intensity signify a random distribution of orientations.

2-5.2: Glutaric Acid

Glutaric acid (C5) nanocrystals were embedded within 14 nm, 30 nm4Gandh p-PCHE
monoliths from C5 melts and methanol solutions (30% weight C5). The2RD data collected
for the nanocrystals embedded in the monoliths exhibited arcdBapgg reflections consistent
with preferred crystal orientation within the pores (Figur@42 The polymorphs of the
nanocrystals were identified by comparing the positions of thggBreflections (8) with the
positions of reflections in powder patterns simulated from tievk structures of-C5 andp-
C5, and reflections were assigned Miller indices from the @sdaf the corresponding peaks in
the simulated pattern. The intensity maximum of each Brdtgrtien arc was used to determine
the azimuthal angled) for that reflectionu-XRD of nanocrystals grown from the melt within p-

PCHE revealed the exclusive presenceaef5 for all pore sizes. Likewisay-C5 was the
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Figure 2-24. 2D-XRD images of C5 nanocrystals embedded in (A) 40 nm, (B) 30 nm, and (C)
14 nm p-PCHE. Images on the left correspond to crystals grown by evaporation of methanol
from methanol solutions imbibed by the pores, and images on the right correspond to crystals
grown by crystallizing molten C5.
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exclusive polymorph observed when C5 crystals were grown froimameit solutions within 14
nm p-PCHE. Bragg reflections collected for C5 nanocrystadsvig from methanol solutions
within 30 and 40 nm p-PCHE, however, indicated fr@5 was present in those samples instead
of a-C5.

Diffraction from a-C5 nanocrystals embedded within 14 nm p-PCHE, regardless of whethe
the crystals were grown from melt or methanol solution, producedjgBreflections with
azimuthal positions suggesting these planes were consisteéht the o(30-1) aligned
perpendicular to the pore walls (Table 2-2). This is equivate havinga[010] aligned parallel
to the channel directiof! Examination of the single crystal structure t1C5 reveals long
chains of hydrogen bonded C5 molecules where neighboring chains subtndrale of 17°,
with one chain coinciding with [1-1-2] and its neighbor caiimag with [11-2] (Figure 2-25A, B,
and C). Notably, the[010] bisects the [1-1-2] and [11-2], thus these directions forrtearaj
8.5° with respect to the channel direction. Examination oftxt@5 crystal structure reveals that
there is no hydrogen bonding between chains. Furthermore, withirckaichthe size of the C5
molecules prevent the molecules from adopting linear conformatibase the hydrogen bonds
between molecules are parallel. Instead, the hydrogen bonds of dnmaieties protrude from
all faces of then-C5 unit cell, precluding the absolute determination of a dominant hyuroge
bond direction. Attempts to corroborate the preferred orientate[010] with the native fast-
growth axes of bulla-C5 crystals were unsuccessful, because bulls crystals adopt block-

like habits with no clear fast-growth direction. Td€5 nanocrystals grown from the melt within

xviii .Notably, the Bragg reflection arcs are symmetriowtp = 90° due to nanocrystals pointed towards
opposite ends of the pores, and the distributiothofe nanocrystals about the preferred orientation
can cause the symmetric arcs to blend togetheappéar aé = 90° when the true azimuthal angle for

those reflections is near 90°.
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Table 2-2. Measured and expected Bragg reflection parameters for o and B-C5 nanocrystals
embedded within p-PCHE monoliths.

Reflection Measured Measured Cos(0)Cos(5) o) Expected Expected Expected
(hki) 20(°) ¢y (frommeasured)  (from measured)® 20(°) o) 5 ()"
C5 in 14 nm p-PCHE from melt and methanol solutions a(30-1)Lpores
«.(400) 13.9 42,138 0.74 42 13.9 40 39
a(202) 20.9 73, 107 0.29 73 20.9 73 72,108
a(311) 23.0 90 0.00 90 23.0 83 83,97
a.(402) 235 90 0.00 90 235 89.5 89.5,90.5
C5 in 30 and 40 nm p-PCHE from melt 0(010)Lpores
«(200) 6.9 90 0.00 90 6.9 90 90
«(400) 13.9 90 0.00 90 13.9 90 90
a(202) 20.9 35, 145 0.81 36 20.9 38 37,143
o(402) 23.5 90 0.00 90 23.5 90 90
C5 in 30 and 40 nm p-PCHE from methanol solutions, orientation 1 B(010)_Lpores
(200) 13.8 90 0.00 90 13.7 90 90
$(202) 23.9 90 0.00 90 23.9 90 90
B(112) 27.3 46, 134 0.68 48 27.2 45 44,136
C5 in 30 and 40 nm p-PCHE from methanol solutions, orientation 2 B(10-1).Lpores
B(200) 13.8 50, 130 0.64 50 13.7 43 43, 137
B(110) 19.6 78, 102 0.20 78 19.6 75 75, 105
p(111) 21.9 86, 94 0.07 86 219 81 85, 95
B(112) 27.3 73, 107 0.28 74 27.2 64 77,103

®Reflections appearing as pairs of § values symmetrically opposed across § = 0° and 90° can be attributed to

nanocrystals oriented in opposite directions within the pores. °Calculated using Eq. 2.7. °Calculated with (hkl) and the

plane listed as perpendicular to the pores, denoted as (hkl),pores. Reflections that were observed but whose & could

not be measured, due to the peak maxima residing outside of the detector range, are not included in this table.

30 nm and 40 nm p-PCHE produced Bragg reflections with azimuthkdsamgirkedly different

from those observed for the reflections freC5 in 14 nm p-PCHE (Table 2-2). Analysis of

these reflections using the trial-and-error method above revethiat the o(010) was

perpendicular to the channel direction. Examination ob#@5 crystal structure revealed that the
C5 chains aligned along [1-1-2] and [11-2] are bisected(B$0) such that each forms an angle
of 81.5° with that plane (Figure 2-25). Notably, this sigsife 90° change in nanocrystal

orientation relative to the orientation determined for the ngstals embedded within 14 nm p-

PCHE.
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Figure 2-25. Single crystal structure of o-C5. (A) lllustration of the two hydrogen-bonded
chains, m and n, which subtend an angle of 17°. (B) lllustration of the alternating (402) layers
of the two chains. (C) Schematic representation of hydrogen-bonded chains. lllustration of (D)
(010) plane and (E) (30-1) plane.

The observation of a preferred orientation argues againstngtentaneous formation of
randomly oriented nuclei that retain their initial orientation gnow uniformly. Instead, the
observations are consistent with & preferred orientation of the crystal nuclei at the estdges
of crystallization due to the 1D anisotropy of the cylindricanopores;i{) a continuous
nucleation and growth process wherein nanocrystals with the direction panatieb¢ly parallel)
to the pores are preferred because they can achievel giieamore readily than nuclei with
other alignments. Such “misaligned” crystals would be prevemtad &chieving their natural
habit, which reflects the balance between surface and volumerfezgies. As such, misaligned
crystals would be less stable and more inclined to redissolvettizge with their preferred

growth axes aligned with the pores (via critical size edfectOstwald ripening, see Chapter 1).

The appearance of different preferred orientationsf@5 in 14 nm p-PCHE compared with 30
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and 40 nm p-PCHE (when imbibed from the melt) is probably a méatifes of the balance
between surface and volume energies as well. Namely, the édlatween surface and volume
energy for nanocrystals embedded in 14 nm p-PCHE may betlweasystals that are aligned
with a(30-1) perpendicular to the pore direction, whereas the natip be lowest for-C5
embedded in 30 and 40 nm p-PCHE whenot(@.0) is perpendicular to the pore direction.

The predominant orientation for tBeC5 nanocrystals in 30 and 40 nm p-PCHE was with the
B(010) normal to the pore direction (Table 2-2, Figure 22@h this orientation, chains of
hydrogen bonded C5 molecules align perpendicular to the channeiodiralong[10-1], with
hydrogen bonds between chains parallel to the channel directiensimall percentage of the
samples of 30 nm and 40 nm p-PCHE, %5 nanocrystals produced Bragg reflections
consistent with thgd(10-1) perpendicular to the pore direction (Table 2-2). This planstark
contrast to thg(010) plane, forms an 81° with the direction of hydrogen bon@ifi§-1]. Thus,
nanocrystals aligned with ti£10-1) perpendicular to the pore direction have their chai@bof
molecules aligned nearly parallel to the pore wall. Both ofdtientations adopted bf-C5
nanocrystals exhibit hydrogen bonding directions parallel tpohe walls, and the appearance of
two orientations in the same pore sizes suggests that srystathese orientations have

comparable surface and volume energies.

xix.3-C5 nanocrystals were not observed within 14 nnOptP owing to the influence of size confinement
on polymorph selectivity (see Section 2-4), so{h@5 orientations in the smallest pores could not be

compared with the orientations in the 30 nm and#0monoliths.
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Figure 2-26. Orientation of dicarboxylic acids embedded in cylindrical pores of p-PCHE.

Crystal orientations
HOOC(CH,);COOQOH),
HOOC(CH,)sCOOQOH),

o-C3diacid (Pbcn, HOOCCH,COOH), o-Cbhdiacid (C2/c,

B-Cbhdiacid (C2/c, HOOC(CH,);COOH), «a-C7diacid (P2,/c,
a-C9diacid (P2./c, HOOC(CH,);COOH), «a-Clldiacid (P2./c,

HOOC(CH,)yCOOH), and a-C13diacid (P2;/c, HOOC(CH,);;COOH) were observed.

2-5.3: Malonic Acid

Nanocrystals of malonic acid (C3) were grown within 30 nm and 4@+4RGHE monoliths

from imbibed methanol solutions (30% wt. C3). As noted above, A8 oot be imbibed by the

p-PCHE monoliths as a melt due to its melting temperatureeditg the glass transition

temperature of the monoliths (136 °C). Bragg reflections (Ei@i27A) collected for the C3

nanocrystals embedded within the 30 nm and 40 nm monoliths were consisitediffraction

from a-C3 nanocrystals with the(010) perpendicular to the channel wall (Table 2-3, Figure 2-

26). Notably, several of the reflections within the same sasrgdbo exhibited azimuthal intensity
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Figure 2-27. 2D u-XRD data illustrating the Bragg reflections used to determine the
orientation of a-C3 nanocrystals embedded in 30 nm p-PCHE. (A) «(010) and (B) o(001)
planes are perpendicular pore walls, respectively.

Table 2-3. Measured and expected Bragg reflection parameters for o-C3 nanocrystals
embedded within 30 and 40 nm p-PCHE monoliths.

Reflection  Measured Measured Cos(9)Cos(5) () Expected Expected Expected
(hki) 20 (°) 5¢) (frommeasured)  (frommeasured)® 26 (°) e 5P
C3in 30 and 40 nm p-PCHE from methanol solutions, orientation 1 «(010)_Lpores
a(110) 21.2 32,148 0.83 34 21.1 33 33, 147
a(111) 22.5 34, 146 0.81 36 22.5 38 38, 142
(200) 23.2 90 0.00 90 23.2 90 90
a(211) 30.3 51, 129 0.61 53 30.4 54 54,126
a(113) 315 44, 136 0.69 46 31.5 56 56, 124
a(212) 33.3 56, 124 0.54 58 33.3 58 58, 122
C3in 30 and 40 nm p-PCHE from methanol solutions, orientation 2 «(001)_Lpores
a(110) 21.2 89 0.02 89 21.1 90 90
a(111) 22.5 71, 109 0.32 71 22.5 70 70, 110
(200) 23.2 90 0.00 90 23.2 90 90
a(202) 28.0 58, 122 0.51 59 28.0 56 56, 124
a(211) 30.3 75, 105 0.25 76 30.4 75 75, 105
a(212) 33.3 64, 116 0.42 65 33.3 62 62,118

®Reflections appearing as pairs of § values symmetrically opposed across § = 0° and 90° can be attributed to
nanocrystals oriented in opposite directions within the pores. °Calculated using Eq. 2.7. “Calculated with (hkl) and the
plane listed as perpendicular to the pores, denoted as (hkl), pores. Reflections that were observed but whose & could

not be measured, due to the peak maxima residing outside of the detector range, are not included in this table.
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maxima consistent with the(001) perpendicular to the pore direction (Table 2-3), which
corresponds to a 9Qegree rotation of the crystals within the pores. Examinaticheod-C3
crystal structure reveals that hydrogen bonded C3 chains adéelpran(001), but that the
hydrogen bonds of each C3 molecule are antiparallel to the chaimdoamgles of 32 9Qwith it.
Consequentially, the hydrogen bond scheme-®3 is complex and three-dimensional, which is
reflected in the block-like habits adopted by buHC3 crystals. Notably, all of the samples
examined produced Bragg reflections consistent with both oriengatiarguing thawo-C3

nanocrystals in these orientations maintain comparable surfacelantevenergies.

2-5.4: Pimdic Acid

Pimelic acid (C7) was embedded within the 14 nm, 30 nm, and 40 nmqiqpeBCHE by
allowing methanol solutions of C7 (30% wt. C7) and C7 melt totpatieethe pores. After the C7
was crystallizedp-XRD data revealed Bragg reflections consistent wiHG7 in 14 nm, 30 nm
and 40 nm p-PCHE for crystals grown from methanol solutionca@d in 40 nm p-PCHE for
crystals grown from the melt. Diffraction from C7 crystgiswn from the melt within 14 nm p-
PCHE produced Bragg reflections consistent withétfigrm, which we reported recently for the
first time. The C7 nanocrystals grown from the melt witthnm p-PCHE adopted a mixture of
the a- andd- polymorphs (Figure 2-28). All of the Bragg reflections for ¢thandd polymorphs
in all samples were arcs suggesting preferred orientatiotheofC7 nanocrystals within the
monolith pores, however, the assignment of Miller indices to thecteins owing tadd-C7 was
prevented because there is no reported single crystal strimttings polymorph. This precluded
the determination of the preferred orientation of 3H&7 nanocrystals within the 14 nm and 30

nm p-PCHE. In contrast, the-C7 crystals that formed within the pores exhibit a known drysta

92



Chapter 2: Properties of Ultrasmall Crystals

Figure 2-28. 2D data of a-C7 in (A) 14 nm, (B) 30 nm, and (C) 40 nm p-PCHE from methanol
solutions.

structure, allowing for the assignment of Miller indicesttoBragg reflections and subsequent
determination of the preferred orientation of the nanocysikdtably, diffraction from all of the
a-C7 nanocrystals, regardless of pore size or crystallizatiethod, produced Bragg reflections
with azimuthal angles consistent with the alignment of dfiE0-3) perpendicular to the pore
direction (Table 2-4, Figure 2-26). Comparison of the prefeaentation with the crystal
structure ofa-C7 revealed that the [20-1] direction was parallel withpH®CHEpore direction.
The [20-1] direction coincides with the direction of thellogen-bonded chains of C7 molecules
(Figure 2-29A), and the (10-3) plane intersects those hydrogen bonds.

Bulk crystals ofa-C7 grown by slow evaporation of benzene, a nonpolar solvent expected to
bind poorly to the carboxylic acid groups during crystal growth,bitdd a thin needle habit
(Figure 2-29B) where the needle axis coincided with [28iHction. The needle axis is identical
to preferred orientation axis of nanocrystals embedded in p-PCHELU®) faces of the [20-1]
needles are vanishingly small, suggesting that these liaveshigh surface energies and that the
observed crystal alignment minimized the overall surface gr@rthe nanocrystals. In contrast,
bulk a-C7 crystals grown from the slow evaporation of methanol exuibét plate-like block

habit with a long axis along [010] and large (002) faces, whickagoterminal polar carboxyl
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Table 2-4. Measured and expected Bragg reflections for a-C7 nanocrystals embedded within
14, 30, and 40 nm p-PCHE monoliths from methanol solutions and within 30 and 40 nm p-
PCHE monoliths from the melt. The a(10-3) was perpendicular to the pore direction.

Reflection  Measured  Measured Cos(9)Cos(s) o) Expected Expected Expected
(hk) 26(°) S() (frommeasured)  (from measured)® 20(%) o) 5
«(002) 11.6 48, 132 0.67 48 11.6 52 52,128
o(021) 19.3 78, 102 0.20 78 19.3 79 79,111
o(102) 23.0 90 0.00 90 23.0 85 85, 95
o(121) 26.7 81, 99 0.15 81 26.7 78 78, 102

®Reflections appearing as pairs of § values symmetrically opposed across § = 0° and 90° can be attributed to
nanocrystals oriented in opposite directions within the pores. °Calculated using Eq. 2.7. °Calculated with (hkl) and the
plane listed as perpendicular to the pores, denoted as (hkl),pores. Reflections that were observed but whose & could

not be measured, due to the peak maxima residing outside of the detector range, are not included in this table.

groups on their surfaces (Figure 2-29€In contrast to the environment created by benzene, the
environment created by the methanol solvent would favor the formation ofspolaces. Despite
this preferencep-C7 nanocrystals grown in p-PCHE from methanol still adopted[26¢€l]
parallel to the pore walls. As such, the nanoscale pores plysioatrain crystal growth so that
the crystal face with the highest surface energy, (10-8nssghe narrowest dimension of the
pore. Any tilt of this face relative to the pore directioowd produce an increase of the surface
area of this unfavorable plane, thereby increasing the tatel énergy of the crystal. The
correspondence between the preferred orientation and bulk hakitCaf presents a clear
example of preferred orientation that minimizes the competitidwdsa surface and volume

energies.

XX. B-C7 crystals obtained by growth from methanol sotutalso exhibited a plate-like block habit with
the large face coinciding with the (200) plane.sTplane also has terminal polar carboxyl groups on
the surface, as did the (002) planexe€?.
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Figure 2-29. (A) 2D XRD data (left) collected for a-C7 nanocrystals embedded in 30 nm p-
PCHE, and (right) a schematic illustrating the orientation of the nanocrystals relative to the
pore walls. (B) Optical micrograph (left) of bulk a-C7 grown from benzene solutions, and
(right) a schematic of the orientation and packing of C7 molecules in the a polymorph depicted
in the micrograph, with benzene molecules indicating the locations where the benzene
molecules likely interact most favorably with the crystal, thereby guiding the needle habit of
the crystals by preventing C7 molecule addition along those directions. (C) Optical micrograph
(left) of bulk a-C7 bulk crystals grown from methanol solutions, and (right) a schematic of the
orientation of the C7 molecules in the crystals depicted in the micrograph and the interaction
between the methanol solvent and the large (002) face of the crystals.
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2-5.5: Azelaic, Undecanoic, and Brassaylic Acid

Azelaic Acid (C9), undecaneoic Acid (C11), and brassaylic AcitBjGvere crystallized within
30 nm and 40 nm p-PCHE from imbibed methanol solutions of individegiespinto the pores
(30, 20, and 20% wt. for C9, C11, and C13, respectivalyXRD data collected after
crystallization from methanol revealed circular Bragg emfbns suggesting no preferred
orientation. The samples were then heated above the diacidgrelnperatures, and cooled to
recrystallize the embedded material. Diffraction from the nstals formed during this
treatment produced Bragg reflection arcs consistent with ederdnocrystals (Figure 2-30). The
C9 nanocrystals produced Bragg reflections consistent witl-4h@ymorph with theo(10-6)
plane perpendicular to the pore direction afitio-1] parallel to the pore direction (Table 2-5,
Figure 2-26). Examination of the single crystal structure-@0 reveals that this plane represent
a rotation of the chains of hydrogen bonded C9 molecules by 6° (6& imédian and mode
rotation of 16 samples; Mean = 8°; Standard deviation = 4°) compatiedhe pore direction
(Figure 2-30, Figure 2-31). The C11 nanocrystals produced Bediggtions consistent with the
o-C11 polymorph andxy(10-5) perpendicular to the pore wall with the [100] crystalatioe
parallel to the channel walls (Table 2-5, Figure 2-26). The ¢h&ins in these crystals form an
angle of approximately 28° (7 samples; Median: 28°, Mode: M83n: 30°, Std. Dev: 7°) with
the channel direction. The C13 nanocrystals produced reflectigméysig the presence of the
o-form with the a(010) perpendicular to and[010] parallel to the pore direction (Table 2-5,
Figure 2-26). Whereas C9 and C11 exhibited preferred orientationsattyaslightly between
samples, all samples afC13 in 30 nm and 40 nm exhibited one orientation with no variation.
Within the orientedx-C13 nanocrystals, the chains of C13 molecules were perpéardio the

pore direction, forming angles of 90° with the pore walls.
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Figure 2-30. 2D u-XRD data for (A) a-C9, (B) a-C13, and (C, D) a-C11 illustrating the Bragg
reflections used to determine the orientation of the nanocrystals embedded within 30 nm and
40 nm p-PCHE.
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Figure 2-31. Angle between p-PCHE channels and hydrogen bonded chains of dicarboxylic
acids.

The preferred orientation of C7, C9, C11, and C13 exhibit a progresswnge in orientation
that reflects the growing importance of nonpolar faces irrm@teng the crystal surface energy.
For C7 the preferred orientation is dominated by the hydrogen bonding direction, whiétesinc

with the direction of fast growth for bulk-C7 nanocrystals and minimization of the plane of
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Table 2-5. lllustrative examples of measured and expected Bragg reflection parameters for a-
C9, a-C11, and a-C13 nanocrystals embedded within 30, and 40 nm p-PCHE monoliths from
methanol solutions, after subsequent melting and recrystallization within the pores.

Reflection Measured Measured  Cos(0)Cos(s) o () Expected Expected Expected
(hkl) 20 (°) 3() (frommeasured)  (frommeasured)®| 26 (°) () 3(°)°
C9 in 30 and 40 nm p-PCHE o(10-6)_Lpores
«(002) 9.4 51, 129 0.63 51 9.4 53 53, 127
«(020) 18.5 90 0.00 90 18.5 90 90
«(021) 19.1 83, 97 0.12 83 19.1 81 81, 99
(100) 22.9 81, 99 0.15 81 22.9 84 84, 96
a(12-1) 27.1 77,103 0.22 77 27.1 79 78, 102
a(111) 28.2 90 0.00 90 28.2 89 89,91
C11 in 30 and 40 nm p-PCHE o(10-4)Lpores
«(002) 7.8 90 0.00 90 7.9 88 88, 92
«(021) 19.0 90 0.00 90 19.0 89 89,91
«(100) 22.8 48, 132 0.66 49 22.8 44 43,137
a(12-1) 27.5 53, 127 0.58 54 27.5 53 53, 127
C13 in 30 and 40 nm p-PCHE «(010)Lpores
«(002) 6.7 90 0.00 90 6.7 90 90
«(004) 13.4 90 0.00 90 13.4 90 90
a(021) 19.0 10, 170 0.97 14 19 10 9,171
(100) 22,6 90 0.00 90 22.6 90 90
a(111) 26.8 69, 111 0.35 70 26.8 70 69, 111
a(12-1) 27.7 48, 132 0.65 49 27.7 47 47,133

®Reflections appearing as pairs of & values symmetrically opposed across & = 0° and 90° can be attributed to
nanocrystals oriented in opposite directions within the pores. °Calculated using Eq. 2.7. “Calculated with (hkl) and the
plane listed as perpendicular to the pores, denoted as (hkl), pores. Reflections that were observed but whose & could

not be measured, due to the peak maxima residing outside of the detector range, are not included in this table.

highest energy. As the chain length increases, however, tferpdeorientation shifts towards
the direction of hydrogen bonding pointing towards the pore wallssiitiace energy argument
for the selection of preferred orientation, used herein to exfilaimrientation behaviors of C3,
C5, and C7 nanocrystals, suggests that the orientation shiftsodhe increasing importance of

the nonpolar surfaces in determining the surface energies for the@argempounds.
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2-5.6: Coumarin

Coumarin nanocrystals were grown within 14 nm, 30 nm and 40 nm p-R@HEIMbibed
melts. Crystallization of coumarin from methanol solutions wat possible, as removal of the
methanol under vacuum also sublimed the coumarin from the pores. Bffggions collected
for the nanocrystals in 30 nm and 40 nm p-PCHE were consistingeittiera-coumarin or with
B-coumarin. OnlyB-coumarin was evident in 14 nm p-PCHE. All of the observéiéateons
were arcs consistent with nanocrystal orientation within tbaatith pores, and the azimuthal
angles of the Bragg reflections fat-coumarin were consistent with the(010) aligned
perpendicular to the pore direction (Figure 2-32, Table 2-6). Thigqgisivalent to the
crystallographicb-axis growing parallel to the pore walls. Unfortunately, tivgle crystal
structure fo3-coumarin has not been reported and we did not succeed in coligctireciuding
characterization of thg nanocrystal orientation within the monoliths. Bulk crystalsoe
coumarin grown from cyclohexane solutions in our laboratory adopted nbebies with
dimensions of approximately 3@um x 10 um. These crystals were too small to be used to
determine the needle axis@fcoumarin, but our posit that crystals orient themselves to minimize
their surface energies suggests that the fast growth axesevihe ends are vanishingly small,
will be consistent with the axis aligned parallel to the paadls for nanocrystals, [010].
Confirmation of this hypothesis would provide additional support for thi¢ {had nanocrystals
adopt preferred orientations such that their surface energgesnimimized relative to their

volume energies, but this cannot be tested until coumarin crystalgadfissize are obtained.
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Figure 2-32. Preferred orientation of coumarin crystals embedded within p-PCHE. (A) Two
dimensional XRD results of a-coumarin embedded within 40 nm p-PCHE. (B) Two
dimensional XRD results of B-coumarin embedded within 40 nm p-PCHE. (C) Orientation of a-
coumarin crystals embedded within p-PCHE along the cylindrical channel direction.
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Table 2-6. Measured and expected Bragg reflection parameters for a-coumarin nanocrystals
embedded within 30 and 40 nm p-PCHE monoliths from the melt. The «(010) crystal plane
was preferentially aligned perpendicular to the pore direction.

Reflecton  Measured Measured Cos(6)Cos(§) o) Expected Expected Expected
(hki) 20 () 3(°f (frommeasured)  (from measured)® 20 () o(°)° 3P
o(200) 114 90 0.00 90 11.4 90 90
a(201) 16.0 90 0.00 90 16.0 90 90
a(202) 25.3 90 0.00 90 25.3 90 90

®Reflections appearing as pairs of § values symmetrically opposed across § = 0° and 90° can be attributed to
nanocrystals oriented in opposite directions within the pores. °Calculated using Eq. 2.7. “Calculated with (hkl) and the
plane listed as perpendicular to the pores, denoted as (hkl),pores. Reflections that were observed but whose & could

not be measured, due to the peak maxima residing outside of the detector range, are not included in this table.
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2-5.7: Summary

Nanocrystals of seleet,w-carboxylic acids and coumarin adopt preferred orientations when
confined to the well ordered pores of p-PCHE monoliths. The peefasrientations reflect a
tendency for crystals to grow to minimize the competition batwbeir surface and volume
energies. We have reported herein that this competition mayt resekclusive orientations,
concomitant orientations, and orientations that appear to changefunction of crystal size.
Notably, all of the orientation behaviors observed have paratie[solymorphism, which is
probably a consequence of the reliance of polymorphs and thesergulebrientations on the
delicate balance of surface and volume energies for crydthls suggests that examples of
preferred orientations may arise that are kinetically l&tali or controlled by the factors (such as

solvent, temperature, auxiliaries) that are used to control polymorphism.

2-6: Experimental Detailsfor Sections 2-4 and 2-5

Materials. Controlled pore glass (CPG), a borate-silicate composites glam which the
borate phase is leached to produce a silica glass bead witHanrgore network, was obtained
from CPG, Inc. (Lincoln Park, New Jersey). The pore diameterstel@ herein, 7.5 nm (x 6%),
24 nm (+ 4.3%), and 55 nm (+ 3.1%), were chosen because they welg agadable from the
vendor. At least 80% of the pore volume is within 10% of thecpite=d pore size, and the
remaining 20% of the pore volume is unspecified. The spgmfie volume and internal surface
areas reported by the vendor are 0.4%gmand 140.4 Aig for 7.5 nm CPG, 0.95 cg and 78.8
m?/g for 24 nm CPG, and 1.6 & and 59.4 g for 55 nm CPG, respectively. Nonporous glass
(NPG), used as a control, was obtained as glass beads antletdrs less than 16n (Sigma-

Aldrich Inc., St. Louis, Missouri). Both CPG and NPG were washd lndgiling nitric acid prior
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to use, then washed with deionized water and dried for 13 hmagler vacuum. The acid-washed
CPG were stored under air in a desiccator. This treatmentittlaseffect on the channel
dimensiong?

C3, C4, C5, C6, C7, C8, C9, C10, C11, and C13 were purchased from Aldrich (Miyauk
WI). C15 was purchased from TCI (Tokyo, Japan). Coumarin (1,2-benzopyrasg)uichased
from Acros (Geel, Belgium). These chemicals were used wifladihier purification. Oxalic acid
(C2) was purchased from Fisher Scientific (Fair Lawn, NJ) as a dihyddaitch was dried at 130
°C for 3 hours to obtain pure oxalic acid and thereafter storadi@siccator. p-PCHE monoliths
were prepared by first pressing a powder of a PCHE-PLA dildopklymer in a plague mold at
200°C and 1000 psi for 10 minutes using a laboratory press, affohitinglaques of compressed
polymer with poorly ordered PLA cylinders embedded in a PCHEixndthese plagues were
added to a channel die (3 mm wide x 60 mm long), heated to 206d¢Cpmpressed gently over
the course of 1 hour to cause the polymer to flow toward the entle afhannels. Typical
compression ratios for the polymer ranged from 6 to 15. This proess#ed in the PLA
cylinders within the PCHE aligning parallel to the channelctive and packing into an ordered
hexagonal microstructure. The resulting aligned PCHE-PLA dibbogolymer monoliths were
allowed to slowly cool for several hours before removal fréva thannel die. The PLA
component was then etched by immersing the aligned diblock copolgmér14 days in a 65
°C, 60:40 (volume) water/methanol solution containing 0.5 M NaOH. €l le¢shed p-PCHE
monoliths were washed with a 60:40 water/methanol solution (no Na@ti)dded under
vacuum for 12 hour. The p-PCHE monoliths and CPG beads were ehnasttby Scanning
Electron Microscopy (JEOL 6500 and Hitachi S-900 FE-SEM, UniyedditMinnesota), which
permitted direct visualization of the channels at the monolitfacewr The existence of internal

porosity in p-PCHE was confirmed by SEM characterizatioimamftured monoliths. The channel
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dimensions of the various p-PCHE monoliths were corroborated frodhgpacings measured by
SAXS (Characterization facility, University of Minnesotahd the known volume fraction of
PLA in the PCHE-PLA diblock copolymer.

Crystallization in Nanoporous Matrices. The p-PCHE monoliths and CPG beads were
mixed with coumarin bulk crystals, heated above the counTgrinf 72 °C, and allowed to
absorb the coumarin melt by capillary action for 3 minuteseatiglating in the DSC instrument.
Cooling these nanoporous matrices below the melting point of coumesulted in coumarin
nanocrystals embedded within the nanopores, as evident from P assignable to
coumarin in XRD data collected on the matrices. The heatwgcooling of the coumarin-matrix
mixtures were performed within a differential scanning adeter at 5°C/min of scan rate.
Growth of the nanocrystals embedded in the nanoporous matriceonfasned by the melting
temperature depression of the nanocrystals and XRD data.

The p-PCHE monoliths or CPG beads were also immersed in moégw@utions containing a
single dicarboxylic acid such as glutaric acid (C5) or fignacid (C7) in a 10 - 30% (w/w)
concentration. Initially, the empty p-PCHE monoliths and CPGlbewere opaque, but they
became translucent within approximately 30 min when infikkkr&ie the methanol solution. After
this treatment, the p-PCHE monoliths and CPG beads were remarmadttie solution and
allowed to dry under ambient conditions for 3 hours to allow fgstallization within the
channels as the imbibed methanol evaporated. Crystals of dicatbhaxylis present on the
external surfaces of the p-PCHE monoliths were removed bfuttaneiping the surfaces of the
monolith with a damp cloth. The p-PCHE monoliths were then dneal vacuum for 6 hours.
The infiltrated CPG materials were not amenable to thes saeaning procedures. Therefore,
they were simply dried in a vacuum for 6 hours after the amlughg step. While the

dicarboxylic acid nanocrystals embedded within the nanopores couldgrden by the
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evaporation of solvent, coumarin nanocrystals could not be growimdnethod due to the ease
of sublimation of coumarin under vacuum.

The p-PCHE monoliths were mixed with coumarin bulk crystalsedeabove the coumarin
melting temperature, 82C, and allowed to absorb the coumarin melt by capillary action for 3
minutes during Differential Scanning Calorimetry (DSC) experits. Cooling these nanoporous
matrices below the melting point of coumarin resulted in coumaanocrystals forming within
the nanopores, as evident from Bragg peaks assignable to couméRDidata collected for the
matrices. The heating and cooling of the coumarin-matrix migtwere performed within a
differential scanning calorimeter at’&/min of scan rate. Growth of the nanocrystals embedded
in the nanoporous matrices was confirmed by the melting tetaperaepression of the
nanocrystals and 2D XRD data. Bulk crystals of coumarin were grown Isjotiveevaporation of
cyclohexane solutions and adopted ¢thpolymorph, a needle-like habit, and dimensions df 10
um x 10 um. These crystals were too small for single crystal XdPperiments, precluding the
determination of the crystallographic direction corresponding to theenaridl of the crystals.

Single crystals ofi-C5 were obtained by melting the C5 solid between two glasss @atd
then cycling several times between 99 °C and 100 °C with 1 °€buling scans and 10 °C/min
heating scans. The temperatures of these scans were contrtfiesl LTS350 stage and TP94
controller (Linkam Scientific Instruments, Ltd., Surrey, UK). Tdmgstal growth was monitored
through an upper glass plate with an optical microscope. Memréhe bulka-C5 crystals from
transforming to the3-C5 before X-ray data collection, a single crystaloe€5 was quickly
mounted on a glass fiber, using mineral oil to hold the crystal in plaedfiber was attached to a
sample holder on the goniometer head, which was then mounted on tbmejaniof an X-ray

diffractometer (Bruker-AXS). The sample was immediateboled to -100 °C, and Bragg
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reflections were collected. The single crystabe€5 did not transform after more than 8 hours at
-100 °C.

Characterization. Wide-angle X-ray scattering microdiffraction-KRD) was performed on
a Bruker-AXS (Madison, Wisconsin) microdiffractometer, egagpvith a 2D CCD detector,
located in the University of Minnesota CharacterizationIFacA 0.8 mm beam collimator was
employed, and the full width at half maximum (fwhm) resolution loé instrument was
determined by measuring the fwhm for both a single crystak kaBer and a single crystal of
highly oriented pyrolytic graphite (HOPG). The fwhm resolution tbé instrument was
approximately 0.27° @ over the B range of 15°-35°, allowing for a maximum crystal size
estimate of 30 nm by the Scherrer equatioviariable temperature XRD was performed on the
microdiffractometer using a heating stage connected tdlaatald Omega temperature controller
and an Omega RTD-850 thermocouple (Omega, Inc., Stamford, Connectioyi)ng in 10 °C
increments and collecting XRD data for 10 minutes at eachngre A succinic acid standard
(Tm = 181 °C) was used to determine the instrument accuracy, anchgneftithe standard
occurred at 170 °C, indicating the face of the sample stage MNghslys hotter than the
thermocouple during heating. Powder X-ray diffraction (PXRD)epat were generated by
integrating the 2u-XRD over azimuths of constan®2

To determine the preferred orientation of crystals embedded ip-B@HE, the monoliths
were affixed at the end of a brass pin using a small amourlayfsuch that striations on the
monolith surface, known to be parallel with the direction of the pores, weréepaiieth the brass
pin. The brass pin was then inserted into a sample holder supplieé byanufacturer and then
tightened with a small screw. This sample was then mountedaur-circle Eulerian cradle such

that the cylindrical pores were aligned parallel with thea)X-detector, and then the cradle was
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adjusted via the instrument controls until the pores wegaed also parallel with the vertical
centerline of the detector. A laser-video alignment systemisdpipy the manufacturer was used
to determine whether the monolith was aligned with the beam, arpb#iteon of the brass pin
was adjusted with small screws in the sample holder thdilalignment system indicated the
monolith was in the beam path. To verify the pores were aligneallgdawith the vertical
centerline of the detector, an initial set of X-ray dase wollected and the azimuthal positions of
the resulting Bragg reflections were observed. Proper alignofiehe sample was evident when
the reflections were symmetric abaut= 90°, which verified that crystals pointed in opposite
directions within the pores were also symmetric aldoat 90°. This indicated the pores were
parallel with the vertical center, and if the data suggk®stherwise, the Eulerian cradle was
adjusted with the instrument controls until the Bragg réfles from the monolith met this
criteria. Data were collected in a forward scattenngde, initially with the monolith aligned
parallel with the vertical center line of the detector (0°) and the incident X-ray beam centered
on the right edge of the detector (Figure 2-23). The sampletestor distance was 15 cm.
Reflections were readily discerned at this sample-tocti@teistance, although this configuration
precluded data collection spanning the entire 360° azimuth. Insteadg Beflections were
collected over the quadrawmit the full-circle ranging from 2.5 20 < 37.5° and 45% § < 135°.
These data were sufficient for the determination of the nanocryiataiion within the pores.
Single Crystal X-ray Diffraction was performed on a Bruk&S (Madison, Wisconsin)
diffractometer equipped with a CCD area detector and OxfordsBsam Cooler, all located at
the University of Minnesota X-ray Crystallography Laboratotye ®iffraction data for the single
crystal structure ofi-C5 was collected at -100 °C, and the structure was solved SKIBXS-

97 (Bruker-AXS) and refined using SHELXL-97 (Bruker-AXS).
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Differential scanning calorimetry (DSC) was performed oiyais-1 (Perkin-Elmer Inc.,
Wellesley, and Massachusetts) differential scanning icadoer. Ice, gallium, and indium
standards were used to calibrate the instrument and nitrogensed as the purge gas. The scan
rate for the samples was 5 °C/min unless otherwise noted. riblar enthalpy,AH",
corresponding to each phase transition were calculated froDSBedata by estimating the area
under each endothermic peak (given in J) and dividing it byottaé amount of C7 material (to
give J/mol, or kJ/mol). Quantitative measurement of the mahdhalpies for the endothermic
events for CPG-embedded nanocrystals formed by evaporation ofnwletfees precluded owing
to the inherent imprecision of mass measurements at low loediags, however, nanocrystals

loaded into the matrices as melts provided sufficient materighésetmeasurements.

2-7. Concluding Remarks

Herein we discussed the evolution of crystallization under sizeineonént. The early
predictions of the influence of particle size on phase behdetrto studies of the melting
behavior of small crystals. These studies demonstrated thaiztheofsa particle drastically
influences its stability, particularly on the nanometer sdaécent developments have revealed
that size can also impact polymorph selectivity and stabdizatvhich was posited in Chapter 1.
Furthermore, crystallization in nanoporous matrices with -arelered pores allows the
examination of crystal orientation within those pores. The pexfeorientation adopted by the
nanocrystals reflects the surface energy/volume energy coimpdtiit dominates polymorph
selectivity and melting point depression. Despite these succbssasver, the complex interplay
between kinetics and thermodynamics in the phase behavior of nanecbniaterials is not

fully understood. Consequentially, we will examine the polymorphisrhagpter 3) and
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orientation (Chapter 4) of glycine in nanoconfinement. Glycine asmpound with rich, well-
characterized, bulk polymorphism and thermotropic behavior. Assdiedun Chapter 1, glycine
is widely studied, and will serve as an enlightening modetesysfor crystallization in

nanoconfinement.
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Crystallization Chambers'

Polymorphism, the ability of a material to exhibit multiple staline forms, can influence
solid-state properties that depend on crystal structure andtifigual’ dye? and pharmaceutical
applications’. The importance of polymorphism is underscored by efforts in the pbauntical
sector, where polymorph discovery and characterization are tieséar evaluating the
bioavailability and shelf stability of pharmaceutical compoundsjpéishing patent protection for
new crystal forms, complying with regulations that mandate pmlgm characterization, and
achieving reproducible crystallization outconfefespite these efforts, however, reliable
protocols for controlling crystallization and crystal propertpgticularly polymorphism, remain
a central challenge. As such, polymorph discovery and formatiamllysrely on the
manipulation of conventional process variables such as sdltentperaturé, additives’, and

crystallization rate, and more recently, substPatest regulate heterogeneous nucleation.

i. This work was reported i€rystal Growth & Design 2008, 8, 3368. Reproduced with permission.
Copyright 2008, American Chemical Society.
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Crystallization theory posits that mature crystals grow fcoystal nuclei, which are generally
accepted to have structures that resemble the maturialiings forms and are believed to
determine many crystal characteristics such as sizet, laabi polymorpH.The growth of nuclei
into mature crystals becomes favorable when they achidieatsize, at which the energetically
favorable volume free energy begins to outweigh the enertigtizdavorable surface energdy.
Crystallization methods that permit control and interventioth@tnucleation stage, combined
with the characterization of crystals having dimensions et expected for nuclei (typically
nanometer scale), can provide new routes to regulating cizatialh outcomes, including
polymorphism.

The crystallization and thermotropic properties of nanometée-scgstals have been studied
by embedding crystalline solids, usually by imbibing melts antegmis, in nanometer-scale pores
of controlled pore glass (CPG). These investigations haveleevt®at the high surface area-to-
volume ratio of nanocrystals alters their thermotropic pragemelative to their corresponding
macroscopic forms, behavior that is evident from dramatic logeoif the melting points of
organic compounds, metals, and ice when confined within nanometerpsrcate™'*'**The
role of nanoconfinement on the stability of amorphous statesilsasbeen explored:®*'We
recently demonstrated similar behavior for organic crystedbedded in nanoscale cylindrical
pores created in monoliths of shear-oriented block copolymers that éiadtwmically etched to
remove the block comprising the cylinders. These studies relvesdting point depression for
the embedded crystals comparable to that observed for the samgounds in CP&,
suppression of amorphous-to-crystalline phase transitions wtsweall pore sizes and size-
dependent polymorph selectivity regulated by the diameter afyiivelers (10-70 nm)? and the
discovery of new polymorpt8.The promise of this approach for regulating polymorphism and

suppressing amorphous-to-crystalline phase transitions was frethfarced by the observation
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of size-dependent polymorphi$mand amorphous phase stabilizatfofor acetaminophen
confined within the nanopores of CPG. Collectively, these invéditigahave revealed that the
enthalpy of fusion decreases with crystal size and that #engtemperature depression can be
influenced by crystal-wall interactions as well as @alsize. Glycine, the simplest amino acid, is
used as an excipient for proteihand pharmaceutical reagefitsind it has been implicated in the
origin of life?®> Glycine crystallizes in three polymorphic forms at ambiemtdition$® and two
polymorphs at high pressurésThe three ambient forms of glycine are denoted, s andy: o-
glycine is most common, readily crystallizing by cooling or evagion of aqueous solutioR&y
is the most stable form at ambient conditions, crystallifiogn aqueous solutions containing
acetic acid? p is metastable in the bulk state, obtained by mixing ethanol tnamel with
aqueous glycine solutions. TReform of glycine readily transforms to theform upon contact
with humid air®® The polymorphic transitions for bulk glycine have been destiibeetail, and
the relative stabilities of the three common polymorphs of blyigine at ambient conditions are
v > a > B.3! Glycine also exhibits a small but measurable vapor presaliogying for the
determination of its enthalpy of sublimati&frhut its melting is accompanied by decomposition,
which has precluded determination of its bulk melting temperatace other thermochemical
properties>** Glycine has been the subject of numerous studies, including reatémi of the
mechanisms responsible for its nucleation and polymorphidid/3839404142 bt the
polymorphism and thermotropic properties of nanoscale glycineatsysthich may resemble
glycine nuclei during crystallization, have not been investigated.

Herein we describe the crystallization @{glycine by evaporation of glycine solutions that
have been imbibed by the hydrophilic nanometer-scale pores of CPG pawdeporous

polystyrene-poly(dimethyl acrylamide) (p-PS-PDMA) monolithsWhereas a-glycine is
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observed during crystallization of bulk crystals under the semnelitions and-glycine is the
thermodynamically preferred form at ambient conditions, cryzagilbn in the nanopores of CPG
and p-PS-PDMA (Figure 3-1) resulted in the exclusive formatiothe f polymorph. Thej-
glycine crystals were indefinitely stable when confinethiw pores having dimensions less than
24 nm, but they slowly transformeddeglycine in 55 nm pores. These studies reinforce previous
observations of size-dependent polymorphism while demonstrating #eat@nfinement can
enable determination of thermotropic properties that cannot be mieder by direct
measurements with bulk forms. The observatiof-glycine at dimensions comparable to the
critical size expected for crystal nuclei suggests thgtirge crystallization likely involves
formation of nuclei followed by their transformation to the other forms astarg&ze increases,
in accord with Ostwald’s rule of stag¥sFurthermore, these observations suggest that
formulations based on nanosized crystals need to consider polymdsiitysteossing as crystal

size is reduced, particularly for applications where polymorphisnsubject to regulatory

standards.
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Figure 3-1. Schematic representations of (A) crystals embedded within CPG and (B)
crystals embedded within the pores of p-PDMA-PS monoliths.
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3-1: Experimental Procedures

Materials and Methods. All reagents and solvents were used as received unless stherw
noted. Glycine was purchased from Sigma- Aldrich, Inc. (St. L.ddissouri). Aqueous glycine
solutions were passed through a OB poly(tetrafluoroethylene) syringe filter before use to
remove any insoluble particulate matter. Controlled pore ¢GR&), a borate-silicate composite
glass from which the borate phase is leached to produdiesagiass bead with a random pore
network, was obtained from CPG, Inc. (Lincoln Park, New Jgrgéwe pore diameters denoted
herein, 7.5 nm (£ 6%), 24 nm (x 4.3%), and 55 nm (x 3.1%), were chosen béuayisecre
readily available from the vendor. At least 80% of the poraimel is within 10% of the
prescribed pore size, and the remaining 20% of the pore volumepecified. The specific pore
volume and internal surface areas reported by the vendor arerd/g7and 140.4 Ag for 7.5
nm CPG, 0.95 cifg and 78.8 fiig for 24 nm CPG, and 1.6 éfg and 59.4 g for 55 nm CPG,
respectively. Nonporous glass (NPG), used as a control, wamaibtas glass beads with
diameters less than 1@#n (Sigma- Aldrich Inc., St. Louis, Missouri). Both CPG and NP&ewn
washed with boiling nitric acid prior to use. Polylactide-pdi{ethyl acrylamide)-polystyrene
(PLA-PDMA-PS) triblock copolymers and monoliths were preparetbraling to previously
reported procedurdd,with minor modifications as noted in Appendix B. PLA-PDMA-PS
triblock copolymers were synthesized with volume fractions caadum the formation of a
hexagonally packed cylinder structure, which when shear orientedageheylinders of PLA
that were etched in base (1 M NaOH solution in 50:50 Me@BlyHat 60°C for 5 days to
generate porous PS-PDMA (p-PS-PDMA) monoliths with cyliradnmores having 10 and 20 nm
diameters. The p-PS-PDMA monoliths were dried under vacuupoat temperature for 3 h to

remove residual water after postetch rinsing. In contrast to CPG, thdraydi pores in the p-PS-
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PDMA monoliths were well ordered, as confirmed by small-anglayXscattering. The interior
lining of the pores was PDMA-rich and therefore hydrophilic, wipehmitted absorption of
aqueous solutions.

Crystallization in Porous Matrices. CPG beads were immersed in aqueous solutions
containing 5%, 11%, 18% glycine (weight percent). In each casarttount of solution was
chosen to be approximately equal to the total pore volumleeo€PG beads, based on the total
mass of CPG and the specific pore volume quoted by the manufactimier procedure
maximized glycine loading in the pores while minimizing residglgicine on the exterior
surfaces of the CPG beads that otherwise may complicateactidn analysis. Glycine
crystallization within the pores was achieved either by evéiparaf the water solvent at
ambient conditions or by vacuum drying, with no discernible diffexeimc crystallization
outcome. Therefore, vacuum drying was used throughout for conveni@hazne crystals
within the CPG pores were evident from Bragg peaks assigtalglcine. The use of more
highly concentrated glycine solutions and larger specific CPG pore gslafforded greater peak
intensities in the XRD data, consistent with larger amountsaftalline glycine in the CPG
beads. DSC and TGA data were collected after XRD amal@iycine crystallization on the
surfaces of nonporous glass beads (NPG) were examined as aisompath the CPG studies.
NPG beads were wetted with a small amount of aqueous glycimgoaplsufficient only to wet
the beads for the NPG or cover the bottom of the vial, which easdtirred and allowed to dry
at ambient conditions. XRD data typically revealed the presehgb/cine crystals on the NPG
surfaces within 24 h. For comparison, glycine crystals werbl&isin the walls of the glass vials
within the same period.

The p-PS-PDMA monoliths (approximately 1 mir2 mm crosssection and 3 mm along the

pore direction) were immersed in water for 2 h prior to bimMg glycine solutions. This
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pretreatment was found necessary for consistent loadingahglin the pores, as surmised from
the Bragg peak intensity in the XRD. The monolith pieces wabsequently immersed in 15%
glycine solution for 2 h, during which the glycine solution diffused the pores of the monolith.
After removal from solution, the outer surfaces of the mtimolivere carefully wiped with a soft
dampened tissue to remove any external glycine solution residuendrit@iths were then dried
under vacuum at approximately 0.1 mmHg for 4 h. Further drying rait affect the
crystallization outcome.

Characterization. Wide-angle X-ray scattering microdiffraction-KRD) was performed on

a Bruker AXS (Madison, Wisconsin) microdiffractometer, equippdith & 2D CCD detector,
located in the University of Minnesota CharacterizationIfacA 0.8 mm beam collimator was
employed, and the full width at half-maximum (FWHM) resolutioihthe instrument was
determined by measuring the fwhm for both a single crystal befer and a single crystal of
highly oriented pyrolytic graphite (HOPG). The fwhm resolution tbé instrument was
approximately 0.27(20) over the B range of 15-35°, allowing for a maximum crystal size
estimate of 30 nm by the Scherrer equativfariable temperature XRD was performed using a
heating stage connected to a calibrated Omega temperatureller and an Omega RTD-850

thermocouple (Omega, Inc., Stamford, Connecticut), ramping fCliicrements and collecting

XRD data for 10 min at each increment. A succinic acid standard (181 °C) was used to

ii. (a) The dimensions of the embedded nanocrystats be estimated by the Scherrer equatibi,
KA/(B. cosb), whered is the crystal diameteK is the Scherrer constant (usually assumed to Be’0.9
is the X-ray wavelengttBc is the corrected peak width at the FWHM such Bt (Boss- Bing2)™2
whereB, is the observed peak width at the FWHM &g is the instrumental peak broadenifigs
the Bragg angle. See Cullity, B. Blements of X-ray Diffraction; Addison-Wesley: Reading, MA,
1978. (b) Klug, H. P.; Alexander, L. BEX-Ray Diffraction Procedures for Polycrystalline and
Amorphous Materials, Wiley: New York, 1974.
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determine the instrument accuracy, and melting of the standardaextetirl 70°C, indicating the
face of the sample stage was slightly hotter than the thermocouple kdeaitigg.

Simulated X-ray powder patterns far, -, andy-glycine were generated using Mercury
(Cambridge Crystallographic Data Center, Cambridge, Unitegydom, version 1.4.1) with
crystallographic parameters obtained from the Cambridge 6GtalicDatabase (Cambridge
Crystallographic Data Center, Cambridge, United KingdomifeEintial scanning calorimetry
(DSC) was performed on a Pyris-1 (Perkin-Elmer Inc., Wellesind Massachusetts) differential
scanning calorimeter. An indium standard was used to calibratedtinement and nitrogen was
used as the purge gas. The scan rate for the samples°@asib. Enthalpies were calculated by
integrating the areas under the peaks after defining a thestli cases wherein the enthalpies
were small (less than 1 J/g sample) the variance ircdleilated enthalpies approached 30%.
Thermal gravimetric analysis (TGA) data were colldcbe a Perkin-Elmer Diamond TG/DTA
(Perkin-Elmer Inc., Wellesley, Massachusetts), at a s¢arofaéb°C/min. The scan ranges were
25-240°C for DSC and 25-500C for TGA. The decomposition point of bulk glycine also was
measured with a melting point apparatus at a heating ratéGifrén. Infrared spectroscopy (IR)
was performed on a Nicolet Magna-IR 550 spectrometer, usinglesuprepared by pressing a

mixture of CPG or bulk glycine with dry KBr.

3-2: Polymor ph I dentification

The influence of nanometer-scale confinement on the polymorphism tearchatropic
properties of glycine was examined for crystals formed in obbetr porous glass (CPG) beads,
having nominal pore diameters of 7.5 nm, 24 nm, and 55 nm, or porous paigsty
poly(dimethyl acrylamide) (p-PS-PDMA) monoliths with cyling pores, having 10 and 20 nm
diameters, created by chemical etching of the PLA blodhe#ar-oriented PS-PDMA-polylactide
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(PLA) triblock copolymers. Related investigations in our latmyaexamined the polymorphic
and thermotropic behavior of organic crystals formed in CPG or ppaly&yclohexylethylene)
(PCHE) or poly(styrene) (PS) monoliths prepared from PCHE-Rnd PS-PLA diblock
copolymers, respectively. In these cases, the organic compounaeré)imbibed directly as
melts and crystallized subsequently by cooling or (ii) wem®dhiced by absorption of methanol
solutions and subsequently crystallized by evaporation of theergdl?® The melting
temperature of glycine~236 °C) exceeds the glass transition temperature oflg§ (00 °C)
and PCHE Ty = 145 °C),* at which the monolith matrix softens and the pores collapse,
precluding introduction of glycine from its melt. Furthermaylgcine melting is accompanied by
decomposition, which precludes imbibing of the melt by CPG. The $olubf glycine in
methanol (0.002 g/g MeOM)is insufficient for achieving a detectable amount of glycing
XRD or DSC) in the pores by absorption of methanol solutions.gféater solubility of glycine
in water (0.234 g/g H2d) ensures that a detectable amount of glycine can be embedded
following evaporation of solutions absorbed into CPG pores, but the pbtke p-PCHE and p-
PS monoliths are not sufficiently hydrophilic to absorb wakbe p-PS-PDMA monoliths used
herein, however, readily absorb aqueous glycine solutions asténm®ririning of the pores is
PDMA-rich and hence hydrophilic. Therefore, glycine was crygtadliin the pores of CPG and
p-PS-PDMA by absorption of aqueous solutions of glycine followed by vacuunmgdoy/remove
water from the pores. The mass of glycine in the CPG aR8-PDMA pores was calculated
using the concentration of glycine solution filling the pores andoattaé pore volume available to
the solution. In the case of CPG, the actual mass of matétiah the pores after drying was

approximately 50% higher than expected based on glycine aloygesting that water remained
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Chapter 3: Glycine Polymorphism
trapped in the pores. Infrared spectroscopy of glycine-loaded CPd3 beafirmed traces of
water within the samples after vacuum drylhg.

The embedded nanocrystals were characterized with wide-anglg Microdiffraction (-
XRD) using a 2D area detector. The CPG beads and their g@reandomly oriented and thus
are not amenable to crystal orientation analysis. ConsequémtlyBragg peaks for glycine
embedded within CPG appear as continuous arcs on the 2D détegtome 3-2A), consistent
with an overall random orientation of the glycine crystalse Tocations of the arcs along the
horizon or conversion of the 2D data by azimuthal integrationtd @owder pattern revealed
peaks at @=17.9, 23.8, 28.#, 31.7°, and 33.8. Comparison of the 1D powder pattern with
those expected from the single crystal structures-off-, and y-glyciné®>° revealed the
exclusive formation op-glycine for all pore sizes, with no detectable amounts obther two
forms (Figure 3-3, p.114). The most intense diffraction peakesmonded t@(001), 3(110),
and B(020), which were superimposed on a broad peak due to diffuserszatirom the
amorphous CPG matrix. In contrast, glycine crystals grown onutiace of nonporous glass
(NPG) beads or on the inner surfaces of glass vials hyoeation of the same glycine solutions

revealed the exclusive presencexdjlycine.

iii. Traces of the carboxyl O-H stretch, alkanee&th and amine stretch were present exclusivelyher
glycine loaded CPG. Due to the small mass of gbaiithin the CPG pores and the instrumental

limits on the amount of CPG in each IR sample dligeine absorption peaks were weak.
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Figure 3-2. (A) 2D pu-XRD data for B glycine nanocrystals embedded within (A) 24 nm CPG
and (B) 20 nm p-PS-PDMA. The Miller indices for the more prominent reflections appear to the

right of their respective diffraction arcs.

The 2Du-XRD data and the corresponding 1D powder pattern for glycirstadsyformed in
p-PS-PDMA also revealed the exclusive formatiorajlycine. The p-PS-PDMA mono-liths,
typically cut into pieces having 3 mm lengths in the pore direcnd 1 mmx 2 mm cross-
sectional areas, were aligned with respect to the incideml Xeam so that crystal orientation
within the pores could be gleaned from the diffraction data.49 {861), 3(110), 3(020),
B(101), and3(021) reflections were clearly evident for 20 nm p-PS-PDM#aaigh they were
superimposed on diffuse scattering from the amorphous polymer n@nifxthe(001),3(110),
andp(020) reflections were evident for 10 nm p-PS-PDMA, as thallstotal pore volume of
these samples contained less crystalline glycine, thus prodasgqtense reflections compared
with the 20 nm monoliths. Unlike the CPG samples, examination dBh¥RD data revealed
discontinuous arcs for the more discernible lower index reflest (Figure 3-2B). This
observation is consistent with a preferred orientation offitiggycine nanocrystals within the
aligned pores of the polymer monolfth.

The full widths at half-maximum (fwhm) of tHi001), 3(110), and3(020) diffraction peaks
indicated that the sizes of the embedded nanocrystals reftbetsize confinement of the pores.
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Figure 3-3. 1D XRD data for glycine nanocrystals embedde

d within CPG, glycine crystals grown

on NPG, and glycine nanocrystals embedded within 20 nm and 10 nm p-PS-PDMA monoliths.

The diffraction peaks are superimposed on diffuse scattering from the amorphous glass and

polymer matrices in CPG and p-PS-PDMA, respectively.

Comparison of the data with the

simulated powder diffraction patterns, based on the known single crystal structures for o- and -

glycine, reveals the exclusive formation of B-glycine in the nanopores.
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Chapter 3: Glycine Polymorphism
Using the Scherer equatidtthe data indicate crystal sizes of 7 nm in 7.5 nm CPG, 22 nm in 24
nm CPG, and 30 nm in 55 nm CPQhe diffraction peak widths approached the instrumental
limit of 30 nm in the case of the crystals formed in then&b CPG and on NPG, preventing
accurate size determination in these cases. Similar asdiysglycine nanocrystals embedded in
p-PS-PDMA were consistent with crystal sizes of 9 nm in 1@fPS-PDMA and 22 nm in 20

nm p-PS-PDMA.

3-3: Polymorph Stability

B-Glycine nanocrystals embedded within CPG and p-PSPDMA dedibsignificantly
increased temporal stability against transformation to other fatmsbient conditions compared
with the bulk form, which is known to be metastable. Whereasfhaglicine readily transforms
to thea form at ambient conditions, in our hands usually within mintftesglycine nanocrystals
embedded in 55 nm CPG changed todhferm only after 60 days (Table 3-1). Remarkalfly,
glycine nanocrystals were indefinitely stable in 7.5 nm CPMQrA4CPG, 10 nm p-PS-PDMA,
and 20 nm p-PS-PDMA, with no other phases present even after one year at aomoigions.

Embedded3-glycine nanocrystals also were more stable against prasstions at elevated
temperatures compared with bufkglycine. Bulk B crystals are stable under anhydrous

conditions up to 67C, at which transformation to theform occurs within several minut&sin

iv. In a small number (<10%) of the CPG and p-P3#RDsamples one or two intense, discrete spots
corresponding ta-glycine appeared in the 2D XRD data in additiotht®p-glycine nanocrystal arcs.
The diffraction peaks widths for theseglycine crystals indicating crystal sizes largbart the
maximum estimable size of 30 nm, suggesting thedah-glycine crystals were bulk crystals on the
surfaces of the porous materials. The presendeesétbulk crystals appeared to have no impacten th

nanocrystal behavior.
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Table 3-1. The polymorphs exhibited by glycine crystals grown at room temperature in CPG,

NPG, and p-PS-PDMA, over various times and for various concentrations of imbibed glycine

solution.
Matrix and Glycine solution Polymorph Polymorph Polymorph
pore diameter concentration after after after
(nm) (% weight) 4 hrs 40 hrs 60 days

6 p p p

7.5 nm CPG 11 B B B

18 B B B

6 p p p

24 nm CPG 11 B B B

18 B B B

6 § B o

55 nm CPG 11 B B o

18 B B&a o

NPG 11 o o o

10 nm p-PS-PDMA 15 B B B

20 nm p-PS-PDMA 15 B B B

contrast,u-XRD analysis off-glycine nanocrystals embedded in CPG (all pore sizes) &80
and ambient humidity revealed no polymorph transitions at the camtlosthese measurements
(3 h). Variable temperatugre XRD performed while heating the CPG samples irn@0ntervals,
holding at each temperature for 10 min during data collectionalexvedisappearance @Ff
glycine diffraction peaks at 16 for 7.5 nm CPG, 17€C for 24 nm CPG, and 1 AT for 55
nm CPG (Figure 3-4). The temperature at whichffgdycine diffraction peaks disappeared is
well below the temperature of bulk glycine decomposition (286 as measured in our
laboratory), which is not expected to be a size-dependent properkyglBaine decomposition,
however, is accompanied by melting, as observed in our laboratanglting point capillaries
and reported previousfy. This suggests that the disappearanced-gfycine in the CPG at
temperatures less than 236 is due to melting without decomposition, made possible because of

the melting point depression effects expected for the nanoscald sizsta
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Figure 3-4. (A) 1D variable temperature XRD data of glycine nanocrystals embedded within
55 nm CPG. B-glycine is the exclusive polymorph for temperatures up to 160 <C, but is no
longer evident at 170 € and does not return upon c ooling. (B) 1D variable temperature XRD
data of glycine nanocrystals embedded within 20 nm p-PS-PDMA. Although in this particular
sample, the intensities of the diffraction peaks are not as intense as for nanocrystals
embedded in CPG and some peaks assignable to a- and B-glycine from the data overlap, the
eventual disappearance of a peak assignable to p(001) accompanied by the emergence of a
peak assignable to «(040) reveal the § — o transition. (C) 1D variable temperature XRD data
for 24 nm and (D) 7.5 nm CPG, for which B-glycine reflections are no longer apparent at 170

T and 160 <C, respectively.
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Immediately following the disappearance of fheglycine diffraction peaks, the samples were
allowed to cool to room temperature. Curiously, no diffraction peak® observed for these
samples at room temperature, signaling the absence of adlizgibn and the possible
formation of an amorphous phase from the melt. It is reasonable dessubat this amorphous
phase exists as a thin film due to solidification of the glycie# that has wetted the highly polar
pore walls, thus reducing the effective dimensions of the sml&dvalue below the critical size
for nucleation.22 The thicknesses of such films can be estirfratedthe amount of embedded
glycine and the internal surface area of the CPG beads, iagsuniform wetting of the surface:
0.4 nmin 7.5 nm CPG, 1.3 nm in 24 nm CPG, and 3.0 nm in 55 nn{ CPG.

Variable temperaturg-XRD analysis of glycine nanocrystals embedded within 20 nm-p-PS
PDMA, performed in the same manner as the CPG samplegjeefeglycine as the exclusive
polymorph until 170°C, at which a mixture of- andB-glycine nanocrystals was observed until
complete conversion ta-glycine at 185°C (the data reveal an increase in the intensity of the
B(001) peak, suggesting an increase in the crystallinif~gif/cine with increasing temperature
prior to the transition). This behavior differs from that obedrfor 3-glycine nanocrystals in
CPG, which appear to melt without conversiomtglycine. Small angle X-ray scattering reveals
that the pores of the p-PS-PDMA monoliths collapse at tempesatexceeding the glass
transition temperature of P$y( = 100 °C). Nonetheless, the diffraction peak widths for éhe

glycine crystal generated by the phase transformation warsistent with a crystal size of 16

v. For example, the expected amount of glycine eldbd within 1 gram of 24 nm CPG with total pore
volume 0.95 criig, using a 15% glycine solution (weight perceis)D.167 g. Based on the surface
area of the pores in 24 nm CPG (78 8ghand the density of glycine (1.58 gfnthe thickness of a

uniform glycine layer on the pore walls would b84L.nm.
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nm, effectively identical to the size of the origifiablycine nanocrystals. These observations
suggest that upon heating abdyethep-glycine nanocrystals become surrounded by the polymer
matrix, instead of residing in open cylinders, eventually foaingng toa-glycine crystals having
the same size. The embeddedylycine nanocrystals persisted upon cooling the monoliths to
room temperature, identical to behavior observed for bulk glydihe.XRD peaks for the:.-
glycine nanocrystals in p-PS-PDMA vanished when heated to Z36 consistent with
decomposition. These results indicate that the unique environmeateci®y the collapse of the
polymer monolith pores around tReglycine crystals allows the formation afglycine, in stark
contrast to the behavior observed in CPG. A plausible explanftiotinis behavior involves
crystallization ofa-glycine from a transient melt that has pooled within polywweds formed by
the collapse of the pores around the origpglycine crystals. These voids, which would contain
the melt rather than allowing it to form an amorphous thin filnguasised for CPG, would have
volumes that were sufficiently large for nucleatiorueflycine.

Thermogravimetric analysis (TGA) of bulk glycine reveatatk mass loss event, with an
apparent onset at approximately 200 and increasing rate of mass loss as the temperature
approached 236C. As the temperature was raised further, the mass loasbemore gradual
until at 500°C (the highest temperature of the measurement) a blackueesith a mass
equivalent to 20% of the original mass remained. This behavioorisistent with the known
melting/decomposition behavior of glycifeDSC analysis of bulk glycine revealed a single
endothermic peak at 23€ corresponding to the overlap of glycine melting and decomposition.

Unlike bulk glycine, TGA measurements for glycine nanocrysta{SPG revealed onsets for
mass loss at temperatures that decreased with decreasirgjzeor£92°C for 55 nm CPG, 185

°C for 24 nm CPG, and 1 AT for 7.5 nm CPG (Figure 3-5A, p. 114). The mass lost between
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these onset temperatures and 23@lso decreased with decreasing pore size, as expected for the
smaller mass loadings attained in the smaller pore $iZEsese losses corresponded to
approximately 50% of the mass of glycine embedded in the CPG, lBzpdgalent to the extra
mass attributed to trapped water, as surmised by weighing Rite lieads after evaporative
crystallization (see above). The CPG beads became discoloredn{gin or black) upon
continued heating to 500C due to decomposition of the embedded glycine, after which the
remaining mass within the pores was equivalent to approxim2®éy of the initial mass of the
glycine nanocrystals. DSC data revealed a single endotheealcip each sample with an onset
temperature that coincided with the onset temperature fanitied mass loss event observed by
TGA (Figure 3-5B): 195C for 55 nm CPG, 188C for 24 nm CPG, and 178 for 7.5 nm
CPGY" The total enthalpy increased with pore size and with inergaamount of glycine

embedded in the pores (Table 3-2).

vi. The respective absolute mass losses for the Sdples were 2.2% for 7.5 nm CPG, 4.2% for 24 nm
CPG, and 6.5% for 55 nm CPG.

vii. The DSC peak maxima occurred at 2Wfor 7.5 nm CPG, 21%C for 24 nm CPG, and 22€ for 55
nm CPG.
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Figure 3-5. (A) TGA data for glycine nanocrystals embedded within (a) 7.5 nm CPG, (b) 24 nm
CPG, (c) 55 nm CPG, and (d) bulk glycine crystals. (B) DSC data for glycine nanocrystals
embedded within (a) 7.5 nm CPG, (b) 24 nm CPG, (c) 55 nm CPG. The onsets of the endothems
coincide with the respective onsets of mass loss. The endotherm for bulk glycine (not shown)
coincides with the TGA data.

131



Table 3-2. Calculation of heat of fusion for B-glycine embedded within CPG.

CPG pore  Glycine Solution  Expected Expected DSC Sample  DSC Peak DSC Peak DSC Peak Average Std. Dev
diameter Concentration Glycine  Water (post-dry) Mass Enthalpy Enthalpy Enthalpy Enthalpy Enthalpy
(nm) % (weight) (s/g CPG) (/g CPG) (mg) (mJ) (J/gsample) (J/gglycine) (J/gglycine) (J/gglycine)
6 0.03 0.01 2.1 11.0 5.2 210
7.5 11 0.06 0.03 2.1 37.9 18.1 354 326 105
18 0.09 0.04 2.0 64.0 32.0 413
6 0.06 0.03 11 26.1 23.7 437
24 11 0.11 0.06 1.0 59.2 59.2 620 503 101
18 0.19 0.09 1.2 78.8 65.7 453
6 0.10 0.05 14 64.9 46.4 545
55 11 0.18 0.09 1.8 156.0 86.7 608 586 36
18 0.31 0.16 1.8 230.5 128.1 605
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Collectively, the TGA and DSC data suggest that embeflegygcine nanocrystals trap small
pockets of water within the CPG that escape only once thecngtals melt and wet the pore
walls, thus opening passages to release the trapped watevn3dteand peak temperatures did
not depend on scan rate (compared &€/min and 5°C/min), corroborating the assignment of
the DSC peaks to melting rather than decompositiddonsequently, the onset of the mass loss
due to the release of water surmised from TGA paralleldrémal in melting point depression
observed by DSC. We note that DSC analyses of CPG beads immenggdr and then vacuum
dried revealed an endotherm due to water vaporization betweEd03Q, far below the onset of
the endotherm in the glycine embedded samples. Furthermore, TGA revealed@massr the
same range assigned to the loss of trapped water, with no furtaes loss at higher
temperatures. These measurements demonstrate that, in ¢heeab$ glycine, the CPG matrix
does not retain water at elevated temperatures.

Based on the premise that the onset temperatures of the D#fk€ @arresponded to the
melting of B-glycine, their dependence on pore size was fitted to the conwvehfarm of the
Gibbs- Thompson equation (Equation 1), wheX&,.{ is the melting point depression,(d) is
the depressed melting temperatdrg,js the bulk melting temperaturgeigmer iS the crystal-melt
interfacial energy,p is the crystal densityAH"™ is the crystal molar heat of fusioM is

molecular mass (g/mol), antiis the pore siz8.

viii. For example, the shape of the endothermsthedt onset temperature (18€) were independent of
scan rate (by comparing scans &Cl min and 5°C/min) as was the peak temperature (2C9@ 5
°C/min and 222C at 1°C/min, within the error of measurement).

ix. (@) This form of the Gibbs-Thompson equatiosuases constant density, constant heat of fusiahaan
crystal-pore wall contact angle of 80rhe assumption of a 180ontact angle, however, may not
always be valid. See (b) Scherer, G.@¢m. Concr. Res. 1999, 29, 1347-1358, and ref 18.
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AMvy_ .
ATm(d) = Tm,bulk _Tm (d) = A|;|Y+Lljlsc:)gdt'rm’bu|k (01)

The Gibbs-Thompson equation predicts a linear relationship betwiggor T,,(d) and pore
size. Extrapolation of the linear fit to the y-intercept, whis tantamount to determining the
melting temperature for buli-glycine @ = «), affords a bulk3-glycine melting temperature of
195°C (+ 4°C) (Figure 3-6). This melting temperature is not accessible through conventional
bulk measurements owing to the facile bplo-a transition afT = 67 °C. Although this bulk
melting temperature is lower than that observed at “Z36or o-glycine, it seems reasonable
given that buli-glycine is less stable thanglycine.

Evaluation of the enthalpy of the thermal processes assbaeidtte the contents of the CPG
pores proved difficult. The mass of the beads after evaporatiatheofinfiltrated solution
suggested the presence of trapped water in addition f-gheine nanocrystals. Therefore, the
measured endothermic heat flow may reflect contributions from izaion of trapped water as
well as glycine melting. The measured heat flow, however,swasdler than expected for these
endothermic processes combined, suggesting an offsetting cootrildutim an exothermic

process, possibly concomitant solidification of the presumed amorfilrau$ The convolution

X. The slope of the linear fit was -155 (+ 44 °C/hmiThe error bars represent 1 esd based on therline
regression analysis of three data points for eawe gize. This error in the melting point can be
discerned readily by varying the slope of the dittene within the limits imposed by all three pore
sizes.

xi) For example, the DSC data for the 55 nm CPCdbeamntaining embeddditglycine nanocrystals,
which were prepared by imbibing an 18% (weight petEglycine solution, exhibited an endothermic
peak corresponding to a total enthalpy of 0.128 kdial sample (i.e. CPG beads plus contents). The

contribution to the endothermic heat flow expectexdn the known enthalpy of water vaporization
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Figure 3-6. The melting temperature dependence on the inverse of the CPG pore diameter

(d). Error bars represent one standard deviation of the plotted data.

of these multiple processes precludes an unambiguous determinatienestthalpy ofAH™ for
the embedded nanocrystals. Similarly, DSC measurements/énebithin 20 nm p-PS-PDMA
(after pore collapse) revealed an endothermic event atQ@7®at coincided with th@-to-a
transition observed by-XRD in this polymer matrix, but attempts to determine ththapy
associated with this process were complicated by the onsetcofngesition of the polymer

matrix at these high temperatures.

(AH,q = 2.28 kJ/g) and the amount of water presumedp&@pwithin the pores is 0.210 kJ/g total
sample. Endothermic glycine melting would be expédcto add to this heat flow. As such, the
measured heat flow is substantially less than drpebased on the contents within the pores. This
suggests an exothermic process that offsets thetlegmnic contributions, possibly the concomitant
solidification of a higher melting amorphous phaBased on the heat flow expected from the trapped
water and the amount embedded glycine (0.21 g/gl tsample) the exothermic enthalpy of
solidification of the amorphous phase would neede®0 kJ/mol greater than the melting enthalpy of
B-glycine, which seems unreasonably large. Thisetifice would be smaller if the measured heat
flow contribution from trapped water was reducee ¢ a slow and gradual release of water, prior to

the onset temperature, which may not be readilgatable.
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3-4: Concluding Remarks

The regulation of crystallization outcomes, including polymorphisman issue of critical
importance in many commercial technologies, and the elucidafigheoprinciples relating
nucleation, growth, and polymorphism is one of the grand challengesgahic solid state
chemistry. The work described above demonstrates that an othemeitastable form of a
crystalline substance, in this cgdglycine, actually becomes the stable form when the crystal
size is constrained to nanometer-scale dimensions. Furtherninese nanoscale crystals exhibit
melting point depression, which becomes more significant wittedsing crystal size. Although
the melting point depression of nanoscale crystals in CPG and nan®poitgmer monoliths has
been established previously, the size confinemeifit-gif/cine reduces the melting point below
the temperature at which melting occurs concomitant with deasition. This permits
determination of the actual melting temperaturepajlycine through the use of the Gibbs-
Thomson relationship, an accepted standard for such measurements. Fuethérenobservation
of B-glycine at dimensions comparable to the critical size exgdotecrystal nuclei suggests that
glycine crystallization likely involves formation @f nuclei followed by their transformation to
the other forms as crystal size increases. Most importemntldpendence of polymorph stability
on size suggests that caution must be exercised when preparmglations containing
nanoscale crystals for applications wherein the polymorph igestirucial, for example, when
preparing pharmaceutical compounds with the aim of increasing diesotates for increased

bioavailability.
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Chapter 4. Glycine Nanocrystal Orientation in

Nanoporous Polymer Monoliths'

Crystal habit, the shape adopted by a crystal as it matwestrongly influenced by the
crystallization environment during nucleation and groSolvents and additives can affect
crystal habit by binding to specific crystal faces, which sl@mswth along the direction
perpendicular to the adsorbing face while permitting unimpeded gralthg other
crystallographic directions. Additives designed to servergstallization regulators, sometimes
referred to as crystallization auxiliaries, also can @rite polymorphis? the ability of
molecules to adopt multiple crystalline forms. Certain criygggion auxiliaries, specifically
amino acids, can inhibit growth ef-glycine crystals to the extent that tAeglycine form is
generated. Furthermore, wheregglycine generated by the addition of ethanol to an aqueous

solution of glycine typically forms needles coinciding witre [010] directior’;® resulting in

i. This work was reported in thisurnal of the American Chemcal Society 2009, 131, 2420. Reproduced
with permission. Copyright 2009, American ChemiSatiety.
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Chapter 4: Crystal Orientation in Nanoporous Polymer Monoliths
vanishingly small (010) faces, evaporation of glycine solutiomstaining certain amino acid
auxiliaries afford$-glycine crystals as plates with large (010) faces.

In Chapters 2 and 3, we discussed the crystallization of orgampounds in nanoscale pores
of controlled porous glass (CPG) and aligned cylindrical poregoofus polymer monoliths
fabricated from diblock and triblock polyméer$® These investigations revealed that the sizes of
the crystals embedded within the pores were comparable with tiee dommeters and that
polymorph selectivity during crystallization and polymorph stabildnkings were affected by
pore size. This behavior, which has been corroborated by others inssticaeetominophen
crystallization in CPG%** can be attributed to the increasing importance of surfaeeefrergy
compared with volume free energy as crystal size is redus@dg X-ray microdiffraction, we
also found that nanocrystals embedded in the porous polymer monotéhseghibit preferred
orientations with respect to the direction of the aligned pdtes.

We demonstrated that glycine crystallization in the nanop@r€°G and porous polystyrene-
poly(dimethyl acrylamide) monoliths (p-PS-PDMA) resulted in egicle formation of the
polymorph under conditions that generatglycine when crystallization is performed in bdfk.
The B-glycine nanocrystals embedded in either matrix were retbrisgable. In CPG this form
persisted well above the butk»o phase transition temperatuf@; (.= 67 °C), melting near 180
°C. In p-PS-PDMA, th@-glycine nanocrystals converteddeglycine only upon heating beyond
the glass transition temperature of polystyréhe~ 100 °C). Numerous reports have described
the crystallization of various materials within nanopdrdsyt only one system has addressed
crystal alignment, finding that polymer crystals tend to gmeith their fast-growth direction
aligned parallel to the confining walls of one-dimensional p¢re80 nm diameter) in porous

alumina* Herein we describe the effect of confinement on the orientatif p-glycine
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Chapter 4: Crystal Orientation in Nanoporous Polymer Monoliths
nanocrystals grown in the one-dimensional pores of p-PS-PDMA anléhef crystallization
auxiliaries on orientation. In the absence of auxiliariespthbcine nanocrystals grow with their
native fast-growth direction (i.e. the crystallograpbiexis) parallel to the pore direction. The
introduction of a racemic mixture of chiral auxiliaries known tamchkl growth through
enantioselective binding to the (010) faces, which are perpeaditulthe native fast-growth
direction, produces a different orientation, one that permits the ctygiedw unimpeded by both
the pore walls and the auxiliaries. Interestingly, likexis is parallel to the pore axis when only
one of the enantiopure chiral auxiliaries is present, confgrtihat a single enantiomer binds to

the fast growing end of only one of thaglycine enantiomorphs.

4-1: Monolith Preparation and Alignment

Nanoporous PS-PDMA monoliths were fabricated by chemicalngtasf the PLA block of
shear oriented monolith of a PS-PDMA-PLA triblock polymer ®@%$olystyrene; PDMA =
poly(dimethyl acrylamide); PLA = poly(lactidéy)prepared with volume fractions f » = 0.30,
feoma = 0.13,fps = 0.57. This composition was conducive to the formation of hexagonalkegpa
cylinders of PLA in the PS matrix, and etching produced alignedyecgphders with hexagonal
order in the PS matrix. Nuclear magnetic resonance (NMR) asalysfirmed> 99% removal of
the PLA with retention of the PDMA, which lined the interior wadlf the pores. Scanning
electron microscopy (SEM) of the etched monoliths revealed a hexamwag of cylindrical
pores with 20 nm diameters oriented parallel to the direcfiembéock alignment (Figure 4-1A).
The PDMA lining imparted a hydrophilic character to the cylingells, enabling penetration of
aqueous solutions. Recently, we capitalized on this propertyling tihe cylindrical pores with

an undersaturated aqueous glycine solution by immersion of the rhandlite solutiort? After
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Chapter 4: Crystal Orientation in Nanoporous Polymer Monoliths
removal from the solution in which the monolith was immersed, subsegquaporation of the
water from the cylindrical pores resulted in the formatioglg€ine nanocrystals confined within
the nanopores, exclusively as the metastflgelymorph (Figure 4-1B). The selectivity f@r
glycine was attributed to a size-dependent polymorph stabildysimg, as only-glycine is
observed under the same conditions when crystallized in'bdlke influence of size was
corroborated by the selectivity f@rglycine in the nanopores of controlled porous glass (CPG),
with B-glycine observed in pores sizes that ranged from 7.5 nm to 55 nm.

Unlike CPG, the uniformity of the nanopores in the p-PS-PDiMa@noliths and their high
degree of alignment presents an opportunity to explore il tletainfluence of the anisotropic

1D environment of the nanopores on crystal growth. As reported prByidaslividual
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Figure 4-1. (A) Schematic representation (left) and SEM images (right) of a p-PS-PDMA
monolith produced by chemical etching of PLA from shear-aligned p-PS-PDMA-PLA triblock
copolymers. The SEM images are views parallel (top) and perpendicular (bottom) to the
cylinder axes. The pores exhibit hexagonal order and diameters consistent with those
determined by SAXS (22 + 2 nm). The spherical features in the bottom SEM figure are
attributed to plastic deformation of the PS matrix due to shear stresses occurring during
fracture of the monolith. (B) 1D XRD data for B-glycine nanocrystals embedded within p-PS-
PDMA monoliths with 22 nm pores. The diffraction peaks are superimposed on diffuse
scattering from the amorphous polymer matrix. Comparison of the data with the simulated
powder diffraction patterns, based on the known single crystal structures for a- and B-glycine,
confirms the exclusive formation of B-glycine in the nanopores.
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Chapter 4: Crystal Orientation in Nanoporous Polymer Monoliths
monoliths, with the pores in a fixed orientation, can be intereaghy X-ray microdiffraction,
enabling determination of the correspondence between the nanocrysgbre orientations®®
The large number of pores in a 1 mm x 1 mm x 2 mm monolith {ebt8ures that the number
of crystals formed is sufficiently large that the X-rdgta is effectively a powder pattern of the
embedded crystals with random orientations about the pore adésallbwing determination of
the crystal orientation with respect to the pore directiortufate determinations of nanocrystal
orientation, however, requires that the alignment of the nanoporedidgesuify uniform. Prior to
etching, small-angle X-ray scattering (SAXS) of the raig triblocks revealed Bragg peaks
consistent with hexagonally-packed PLA cylinders with diarsedér22 nm + 2 nm, where the
error corresponds to the pore diameters expected ataqfat= one standard deviation of the
intensity distribution about qg*). These cylinders are surrounded abyPDMA lining
(approximately 1.7 nm thick, based on the PDMA volume fraction)aaR& matrix. The extent
of cylinder orientation in the triblock monoliths, as given by $keond order orientation factor
F, (Equation 4.1), was determined from the 2-D SAXS data usingnah@alized orientation
distribution functionP(¢) (Equation 4.3), where is the azimuthal angle around a circle of
constanig andl(qg*,¢) is the scattering intensity at the primary Bragg peak! Typically, F, ~
0.92 (Equation 4.3) for the PS-PDMA-PLA monolitfi$®" Monoliths withF, values in the range
0.8< F,< 0.9 were obtained occasionally, but the apparent nanocrystalabioe measured by
X-ray microdiffraction, which relies on uniform alignment of thergm decreased with

decreasing-,. Monoliths withF, < 0.8 were completely unsuitable due to highly non-uniform

ii. Additional monoliths were obtained with thensa nominal pore size arf€, values between 0.8 and
0.9. The orientation of glycine nanocrystals emleedaiithin these monoliths was evidentifrKRD,
but the degree of this orientation decrease#,adecreased. BeloWw, ~ 0.8, nanocrystal orientation

was not observed.
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orientation of the pores. Therefore, only monoliths Witk 0.92 were used for chemical etching
and subsequent investigations of nanocrystal orientation. SA¥&urements of the p-PS-
PDMA monoliths obtained after chemical etching of the PLA blockfirmed retention of the
alignment, withF, =~ 0.92. The cylinder diameter inferred from the SAXS dataqgsivalent,
within error, to the 20 nm diameter measured by SEM, whiokdisced from the actual value by

the platinum coating (Figure 4-1).

F,=1- 3<(COS¢)2> 4.1

((cospy?) = | (cosp)*P(g)singelg 42

P(g) =L AA 43
J 7@, ga*? singdg

4-2: Crystallization of B-glycine nanocrystals.

The crystallization of3-glycine in the nanopores of p-PS-PDMA is particularly irgeng
because of the unique crystallographic characteristics sfptbliymorph and the influence of
certain additives on its growth. Macroscopiglycine grows as needles (typically 5Gth long
and 25um in diameter) from alcohol/water solutichetystallizing in theP2; space group with
=5.077 Alb=6.268 Ac=5.38 A, angs = 113.2°.The long axis of the needles coincides with
the [010] direction of the crystab-axis). TheP2; space group is chiral arffidglycine exists as
two polar enantiomorphs, (-and (-)f. Because the crystals are polar, each enantiomorph is
characterized by one end that grows more rapidly than the otleeiols attempts to assign the
polarity of individual crystals via the Bijvoet method wenesuccessful owing to the weak

anomalous scattering of the constituent atoms in glycine and #Hreceigrosymmetry of the
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crystals? therefore, the individual enantiomorphs were assigned dngata the direction of the
glycine C-H bonds: the enantiomorph with the C-H bonds protruding fnen{(10) face was
defined as (+B, whereas the enantiomorph with the C-H bonds protruding frorfOtt@) face
was defined as ({); as required by symmetry. The enantiomorphs were discerned experimentally
by the effect of chiral amino acid additives on growth, wimeReiamino acids bound selectively
to the (010) face of (+}-and S-amino acids to the (0-10) face off({Figure 4-2)**?°In each
case, the additives significantly attenuated crystal growtlbibgling to the face at the fast-
growing end. Based on the action of the chiral additives, the fasirg end was assigned to the
face with exposed C-H groups. That is, in the absence of add{tiy§ glycine grows rapidly
along the b direction, or [010], and (f}-glycine grows rapidly along thé direction, or [0-10].
By extension, the addition of an R-amino acid will suppress toetbr of (+)f with no
significant impact on the growth of B)glycine, whereas the opposite will occur upon addition
of an S-amino acid. In this respect, R- and S-Trp, R- and S-RdeRaand S-Met (Trp =
tryptophan; Phe = phenylalanine; Met = methionine) were patiguleffective growth
inhibitors.

Glycine was crystallized within the aligned cylinders of th-PS-PDMA monoliths by
evaporating the water from the imbibed aqueous solutions. The exsteriaces of the monoliths
were subsequently swabbed with a damp cloth to remove any extrangsiadscor residue,
which were evident from SEM images of some unswabbed monoliths. Sgsatals were found
to lay flat on the surface of the exposed cylindrical poresremiseother crystals protruded from
the pores (circled, Figure 4-3A). This crystal habit is unltat observed on the sides of the
unswabbed monoliths or on non-porous substrates, wheghgcine is observed. Thisuggests

that these needles, which have the customary hapigbfcine, grew out of the monolith during
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(010)
(+) B-glycine (-) p-glycine
Figure 4-2. Molecular packing in the two enantiomorphs of B-glycine as viewed parallel to the

(010) and (0-10) planes, depicted with a R-Trp and S-Trp binding to the (010) and (0-10)
surfaces, respectively. Adapted from reference 5.

solvent evaporation fronf-glycine nanocrystals embedded just beneath some of the pore
entrances, then collapsed across the surface during handling. @atieel concentration of the
glycine solution, the density @-glycine, and complete filling of the pores, approximately 14%
of the pore volume should be filled by crystaFhe SEM images suggest that crystals emanate
from roughly 1% of the pores exposed at the surface. Sevethaé ahonoliths were cooled in
liquid nitrogen and cut with a razorblade at a depth of approxiyn@te mm below the exposed
porous surface. No crystals were evident in SEM images of rexplysed surfaces, which could
reflect the small loading of glycine within the monolith. We nibiat similar difficulties were
encountered in attempts to visualize cadmium sulfide partielebedded in nanoporous
polystyrene monolith&"

The nanocrystals embedded in the highly aligned cylindrical mmespof the p-PS-PDMA

monoliths were characterized by wide angle X-ray microdifibac(u-XRD) using a 2-D area

iii. Based on an aqueous 18% (w/w water) glyciolet®n and a glycine density gf= 1.16 g/mL
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Figure 4-3. SEM images of B-glycine nanocrystals upon the outer surface of a p-PS-PDMA
monolith after evaporation of an aqueous glycine solution containing (A) 18% glycine (w/w
water) and (B) 18% glycine and 1.2% (w/w water) R,S-phenylalanine auxiliary prior to
swabbing. The circled regions contain glycine nanocrystals protruding from the monolith
pores. Long B-glycine needles laying flat on the monolith surface also are observed in (A). The
bright irregular features in (B) are attributed to plastic deformation of the PS matrix during
fracture of the monolith. The diameters of the crystals appear larger than the pore diameters,
which likely reflects maturation of the crystals protruding from the pores as the aqueous
glycine solution evaporates.

detector. These nanocrystals produced Bragg reflectiond at17z.9°, 23.8°, 28.4°, 31.1°, and
33.8°, consistent witls-glycine, superimposed on background scattering due to the monolith
(Figure 4-1B)Y The peak widths corresponded to crystal sizes commensurétehei?2 nm

pore diameter. The 2-D-XRD data, which were collected as a full circle 0% < 360°) at

iv. Comparison of 1-D powder patterns generatethfthe 2-Du-XRD data with patterns generated from
the known glycine crystal structures indicated firgtycine was the exclusive polymorph for ~90% of
the samples; the remainder contaieedlycine. Analysis of the peak widths by the ScheEquation
(See Cullity, B. DElements of X-ray Diffraction; Addison-Wesley: Reading, MA, 1978.) produgkd
glycine crystal size estimates of 22 nm, consisiétfit the 22 nm pore diameter of the p-PS-PDMA.
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values of 0% 20 < 30°, contained bright spots near the beam stop at azimuthakasigl= 90°
and 270° (withds measured from the top of the circle) caused by small-angteesng from the
monolith cylinders, which were aligned paralleléte 0°. Although careful inspection of the 2D
scattering pattern reveal@d020) reflections ab = 0° and 180° (Figure 4-4A), other reflections
were difficult to detect among the background scattering. Axditi reflections could be
discerned, however, by increasing the sample-to-detectonclistso that diffraction data was
collected for only one quadrant of the full-circle at a time, spedlifiéor the left (45%< 6 < 135°;
Figure 4-4C,D) and top (-452 6 < 45°; Figure 4-4E,F) quadrants. Data collection for the two
remaining quadrants was not necessary as these were smnply images of the left and top
guadrants. This configuration permitted collection of Bradipetons at values of 2.52 20 <
37.5°. The reflections appeared as arcs with well-defined ityemaxima, located at specific
azimuthal anglesi.e. 3). The observation of intensity across a ranged ehlues rather than
discrete points indicates that the nanocrystals adoptististd distribution of orientations about
an average preferred orientation (the intensity maximum) wipect to the cylinder axis. The
(001), (110), and (020) reflections were sufficiently intermseatcurate analysis of the intensity
distribution with respect t8, which revealed that 95% of the intensity was contained wa&r

<3 <115° 43%<5<67° and -20% 3 < 20°, respectively.
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3(020)

Figure 4-4. (A) Diffraction pattern observed on the 2D detector for pB-glycine nanocrystals
embedded in a 22-nm p-PS-PDMA monolith with its cylindrical pores parallel to the vertical
axis at 8 = 0, as depicted in (B). (C) The left quadrant of the 2D detector (45° < § < 135°)
revealing arcs of intensity due to Bragg reflections. (D) A schematic enhancing the reflection
positions and locations of maximum intensity in (C) with the corresponding assignments. (E)
The top quadrant of the 2D detector (-45° < § < 45° with the monolith fixed in the same
configuration and (F) A schematic enhancing the reflection positions and locations of
maximum intensity in (E), with the corresponding assignments. The azimuthal angles (d) of the
Bragg reflections are consistent with preferential orientation of the {010} axis of B-glycine
parallel to the pore direction. The schematics (D) and (F), which were constructed using the
raw data as a guide, are intended to clarify the positions of the Bragg reflections and their
assignments. The black dots denote the azimuthal angle corresponding to maximum intensity.
Some reflections exhibit intensity maxima at two azimuthal angles, related by symmetry,
corresponding to opposite orientations of the crystals in the monolith pores (see Table 1,

below).
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The orientation of the nanocrystals can be determined from theopssitif the Bragg
reflections fpkil,), as given by the coordinatesd(3) on the 2D detector, by calculating the
angle ¢) between the Miller planédgk,l,) and the Miller planehgkil,), perpendicular to the pore
direction (Equation 4.4). The identity df.kil,), can be determined by trial-and-error, calculating
the interplanar angles betwedmkgl,) planes and trial values df;kil,), until a self-consistent set
of ¢ values that agrees with the data is obtained. The crystatloig direction parallel to pore
direction can be defined as perpendicular higkl;),. When applied to the scattering data in
Figure 4-4C (Table 4-1), this analysis revealed unambiguolsiy the (020) planes were
perpendicular to the cylinder axis. Given the monoclinic symmeaftify-glycine, whereby the
[010] and (020) are perpendicular, the embedded nanocrystals feremially oriented with the
[010] axis,the native fast growth direction, aligned with the pore direction.

The deduction of [010] as the crystallographic axis coincidingy wie pore direction was
corroborated by the diffraction pattern observed on the top quadtainh exhibited an arc ab2
= 28.5°, consistent with the (020) reflection. Crystals aligneld thi¢ (010) plane perpendicular
to the pore-direction and parallel to the incident X-ray beatmarily would not produce Bragg
reflections from anyhkl) whenh = 0 andl = 0, as only forward scattering would be observed on
the detector. Under this condition, howevéiklX with only h = 0 oronly | = O will produce
Bragg reflections on the detector if they are allowed bynsgtry. The observation of a (020)
reflection at B = 28.5° suggests that a small fraction of the crystg@lsafe sufficiently tilted
relative to the beam such that scattering from the (0O20)epl satisfies the Bragg condition upon
reaching the detector. This can only occur for crystalsitidative to the beam Wy = 14.25°,
because only for these crystals will the Bragg conditiondbisfied for scattering from (020).

Because thedg crystals have their (020) tilted relative to the bearfi byl4.25°, the measuréd
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andd values produce an apparénf, = 6 = 14.25° (Equation 4.4, Table 4-1). It is important to
note that thish.p, is solely due to diffraction by thig crystals and not crystals in the preferred
orientation, which do not produce reflections because they do notimeeBtagg condition. The
azimuthal spread of the (020) reflection containing 95% of tta itttensity was -20% § < 20°,
indicating the angular distribution of these crystals about the laeids. Because the pores have
cylindrical symmetry, one would expect thespread to be comparable @o= 14.25°, the tilt
observed for a measureable fraction of the crystals. The maxiof the azimuthal intensity is
located atd = 0°, which argues that of the crystals described,bynost are rotated about the
beam axis by only a small amount. Analysis of the azimuthal ityedistribution reveals a
Gaussian profile for the (020) reflections with 99% of the intgrnfined within an angular
spread of -29% 5 < 29°, suggesting a range of crystal orientations comparable titt tifette f,

crystals. Notably, crystals aligned with (020) in this raogeld achieve lengths as large 44 nm

Table 4-1. Measured and expected Bragg reflection parameters for B-glycine nanocrystals
embedded within p-PS-PDMA monoliths, based on the [010] crystal axis coinciding with the
cylindrical pores.

Reflection Measured Measured Cos(0)Cos(s) ¢ (°) Expected Expected Expected
(hki) 20 (°) 3(°) (frommeasured) (from measured)® 20 () o) 5 ()
(001) 17.9 90 0.00 90 17.9 90 90
(110) 23.8 55, 125 0.56 56 23.8 53 52,128
(020) 28.5 o¢ 0.97 14¢ 28.5 o¢ _d
(101) 31.1 90 0.00 90 31.1 90 90
(10-2) 33.7 90 0.00 90 33.7 90 90
(021) 33.8 30, 150 0.83 34 33.8 32 28, 152
(120) 34.4 30, 150 0.83 34 34.4 34 30, 150
(002) 33.6 90 0.00 90 36.3 90 90
(11-2) 36.6 70, 110 0.32 71 36.7 67 65, 115

®Reflections appearing as pairs of § values symmetrically opposed across & = 0°and 90°can be attributed to glycine

nanocrystals oriented in opposite directions within the pores. PCalculated using Equation 4.4. “Calculated with (hkl)
and (010) assuming [010] parallel with the pore direction. d¢ (from measured) is the apparent angle between (hkl) and
(010), the plane perpendicular to the pore direction. The (020) is perpendicular to [010], and only forward scattering
would be expected from this plane, that is there would be no reflection for the (020). The crystals are not all perfectly
aligned, however, and the small fraction of crystals oriented such that their (020) is tilted (26/2) 6 = 14.25°relative to
the beam satisfy the Bragg condition. This leads to the appearance of the (020) reflection at § = 0°, which corresponds
to an apparent ¢ = 6 = 14.25°
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along <010>, the fast growth direction. Crystals outside tlgeravould be smaller along this

direction, which could prohibit crystals thus aligned from achieving atisize.

® =cos™( co® co8) 4.4
5= cogl(@j 45
cos’

The observation of a preferred orientation argues againstngtantaneous formation of
randomly oriented nuclei that retain their initial orientation gnolw uniformly. Instead, the
observations are consistent withd preferred orientation of the crystal nuclei at the estdges
of crystallization due to the 1D anisotropy of the cylindricahapores; if) a continuous
nucleation and growth process wherein nanocrystals with thgrasth direction parallel (or
nearly parallel) to the pores are preferred becausectrechieve critical size more readily than
nuclei with other alignments in which growth along the fastagh direction would be obstructed
by the pore walls. Such “misaligned” crystals would be prgag from achieving their natural
habit, which reflects the balance between surface and volumerfezgies. As such, misaligned
crystals would be less stable and more inclined to redissloare those with their fast-growth
axis aligned with the poresjij (010) and (0-10) faces of the two enantiomorphs are vanishingly
small, suggesting that these faces have high surface emeagd that the observed crystal
alignment minimizes the overall surface energy of the ngstaits. Examination of the crystal
structure of3-glycine reveals multiple hydrogen bonds along <010>, <001>, and <100>. Notably,
the [010] direction is characterized by the greatest number of hydbmpels, which is consistent
with large surface energies for the (010) and (0-10) faces. As such, the napasealphysically
constrain crystal growth so that the crystal face with thghdst surface energy spans the
narrowest dimension of the pore. Any tilt of this face relatvéhé pore direction would produce
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an increase of the surface area of this unfavorable ,fla@eby increasing the total free energy

of the crystal.

4-3: Stereochemical Control of Glycine Orientations

Racemic Trp alone, quasi-racemic Phe-Trp or Met-Trp, combisabf enantiopure Phe or
Met with racemic Trp, combinations of racemic Phe or Methwenantiopure Trp, and
combinations of racemic Phe or Met with racemic Trp dramnibtisappress growth along the
<010> of bulkB-glycine crystals, resulting in a substantial change in the habit ofybtals from
needles to plates or prismatic blocks (Figure 4-5&,dBie to binding of the chiral auxiliaries to
the {010} faces.

This behavior prompted us to examine the effect of theseariedl on the growth characteristics
of B-glycine nanocrystals embedded in the 1D cylinders of the pER&AP monoliths by
infiltrating the monoliths with solutions containing both glycine amdividual auxiliaries, in
concentrations comparable to those used in the prior bulk experinfie@ligcine was then
crystallized in the monoliths as described above. SEM of theupmorface of the monoliths
following this treatment revealed nanocrystals protruding froneyhedrical pores, as illustrated
in Figure 3B for crystals grown in the presence of R,S-phemyjla. Notably, these crystals
were substantially smaller than those observed in the absdrtbe auxiliaries (Figure 4-3A),
which mirrors the changes in crystal habit observed in tHe dug to suppression along <010>.
We also note that glycine crystallization from bulk solutidmg ¢vaporation) in the presence of
racemic Phe or racemic Met results in the exclusive foomeof the y-glycine polymorph.
Crystallization in the cylindrical nanopores of the PS-FDMonoliths, however, only afforded

the polymorph, underscoring the influence of nanoconfinement on the crystatiipatcome.
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Figure 4-5. (A) Bulk B-glycine crystals retrieved at different times during evaporation of
ethanol-water solutions containing glycine without chiral auxiliaries (adapted from reference
3). The long axes of the needles correspond to the <010> directions. (B) A bulk B-glycine
crystal, grown by evaporation of an aqueous solution containing glycine and 0.3% R,S-Trp
(w/w water; equivalent to 2% w/w glycine) exhibits a plate-like habit (adapted from reference
4). The crystal habit is illustrative of the habit for 3-glycine crystals grown with Phe and Met
auxiliaries. The large faces of the plate correspond to the {010} planes that result from the
suppression of growth along <010> by the auxiliary. (C) Schematic representation of the B-
glycine crystal in (B) illustrating the crystal faces (red) that have vanishingly small areas
because of fast growth along directions (red arrows) perpendicular to their surface. Notably, X-
ray diffraction reveals that the (10-2) plane is effectively perpendicular to the p-PS-PDMA
monolith pore direction when glycine is crystallized in the presence of a racemic mixture of a
chiral auxiliary (Met, Phe, Trp). (D) lllustration of the relationship between the (10-2) plane and
the nearly perpendicular [00-1] and [10-2] directions.

The scattering patterns obtained for the embedileticine nanocrystals grown in the
presence of racemic mixtures of chiral auxiliaries (R,S-FR&S-Met, R,S-Trp) differed
significantly from those observed fd¥-glycine alone, signifying a change in the preferred
orientation of the nanocrystals (Figure 4-6). The Bragg tidles were characterized by arcs of

intensity, with the azimuthal spread comparable to that desaliee for3-glycine alone, with
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Figure 4-6. Diffraction patterns for B-glycine nanocrystals, grown by evaporation of agqueous
solutions containing 18% glycine (w/w water) and 1.2% R,S-Phe (w/w water), embedded
within the 22-nm cylindrical pores of a p-PS-PDMA monolith. Similar diffraction patterns are
observed for B-glycine nanocrystals grown in the presence of R,S-Met and R,S-Trp. (A) The
left quadrant of the 2D detector (45° < 20 < 135°) reveals arcs of intensity due to Bragg
reflections. (B) A schematic enhancing the reflection positions and locations of maximum
intensity in (A) with the corresponding assignments. (C) Top quadrant of the 2D detector (-45°
< 20 < 45° with the monolith fixed in the same configuration (D) A schematic enhancing the
reflection positions and locations of maximum intensity in (A) with the corresponding
assignments. The orientation of the Bragg reflections and monolith channels suggests the [00-
1] directions of B-glycine grow nearly parallel to the pore direction. The schematics (B) and (D)
were constructed using the raw data as a guide with the intent of clarifying the Bragg reflection
assignments and positions in the raw data. The black dots denote the azimuthal angle
corresponding to maximum intensity. Some reflections exhibit intensity maxima at two
azimuthal angles, related by symmetry, corresponding to opposite orientations of the crystals

in the monolith pores (see Table 3, below).
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(001), (020), and (10-2) exhibiting measurable intensities over the range® 2080°, 74°< 6 <
106°, and -16% & < 16°, respectively. Analysis of the scattering patternakegethat the (10-2)
plane was perpendicular to the cylindrical pore (Table 4-2). Uhgemonoclinic symmetry of
B-glycine, the [10-5] direction is perpendicular to this plane and waugdd coincide with the
pore direction. The [001] axis and [10-2] directions, however, andyngerpendicular to (10-2),
at 8.5 and 11.8 from the plane normal, respectively. Moreover, the data réved010} planes
were now parallel to the cylinder direction, corresponding éo®il0> directions perpendicular
to the cylinder direction, a 90° “flip” compared with the oriemtatin the absence of auxiliaries.
Combinations of a racemic mixture of a chiral auxiliary (R,&Mr R,S-Phe) with an
enantiopure or racemic mixture of Trp afforded similar resiiit contrast, the scattering patterns
obtained for the embeddddglycine nanocrystals grown in the presence of enantiopure chiral
auxiliaries (R- or S- Phe, Met, or Trp; Table 4-3), which shoulg impede the growth of one of
theB-glycine enantiomorphs, were identical to those observei-tycine alone.

Examination of the crystal structure Pfglycine reveals multiple hydrogen bonds along
<010>, <001>, and <100>. The interruption of growth along <010> by ra@amxilaries would
be expected to favor growth along other hydrogen-bonding directiortgs inase <001>, which
lies in {010} and is nearly perpendicular to (10-2). The (10-2) caddseribed as having a high
surface energy because it truncates the <001> hydrogen bondsighh@itiace energy would
forecast a small area for this face and fast growth permpd@adito its surface so that the overall
surface energy is minimized as the crystal volume expands. Tdoassstent with bulB-glycine
crystals grown in the presence of racemic mixtures of chirgiliaries, where the (10-2) face is
vanishingly small, corresponding to a corner intersected byothé)(and (10-1) planes (Figure

4-5C). Therefore, this crystal alignment under confinement miesritze overall surface energy
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Table 4-2. The effect of chiral auxiliaries on the orientation of B-glycine nanocrystals
embedded in p-PS-PDMA.

B-glycine crystal direction

Auxiliary 12 (% w/w water) (% w/w gly)®  Auxiliary 22 (% w/w water) (% w/w gly)®> parallel to pore direction®
None - [010]
R- or S-Phe 1.2 8 - - - [010]
R- or S-Met 1.2 8 [010]
R- or S-Trp 0.3 2 - - - [010]
R,S-Met 0.6-1.2 4-8 - - - [00-1]
R,S-Phe 0.6-1.2 4-8 - - - [00-1]
R,S-Trp 0.3 2 - - - [00-1]
R,S-Met 1.2 8 R,S-Trp 0.3 2 [00-1]
R,S-Met 1.2 8 R- or S- Trp 0.3 2 [00-1]
R,S-Phe 1.2 8 R,S-Trp 0.3 2 [00-1]
R,S-Phe 1.2 8 R- or S-Trp 0.3 2 [00-1]

®The auxiliary abbreviations are Phe (Phenylalanine), Met (Methionine), and Trp (Tryptophan). "The aqueous
solutions contained 18% glycine (w/w water). “The glycine crystals grown from aqueous solutions containing glycine
and racemic mixtures of amino acids resulted in crystals with (10-2) perpendicular to the pore direction, with [00-1],
which was a strong hydrogen bonding direction in -glycine and the fast-growth direction, nearly parallel to the pores
(8.5° difference).

of the nanocrystals, apparently overcoming any favorable volumeeeinergy due to growth
along the <010> directions. As with the <010> alignment for dliggthon without auxiliaries,
the nanoscale pores physically constrain crystal growth sdhbatrystal face with the higher
surface energy spans the narrowest dimension of the pore. Arof this face relative to
perpendicular to the pore direction results in an increase cfulfi@ce area of this unfavorable
plane, thereby increasing the total free energy of the crgditather factors being equal. Hor
glycine embedded within p-PS-PDMA, this attempt to minimizestivéace area of (10-2) results
in [10-5] aligned parallel to the pore direction and [001], the demivth direction, aligned very
nearly parallel to the pore direction (Figure 4-5Be also note that the observation of two
different alignments for crystals grown in the absence and presence of auxiliaries argues that
heter ogeneous nucleation on the pore walls, involving a favorable interaction with a specific set

of crystal planes of emerging nuclei, has little influence on the crystallization process.
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Table 4-3. The measured and expected & values for glycine nanocrystals grown in the
monoliths with R,S-phenylalanine auxiliaries. The (10-2) crystal plane was preferentially
aligned perpendicular to the pore direction.

Reflection Measured Measured Cos(p)Cos(s) o) Expected Expected Expected
(hkl) 20(°) 5(9*  (frommeasured) (frommeasured)®| 26 () ()¢ 5920
(001) 17.9 30, 150 0.82 35 17.9 31.6 30, 150
(110) 23.8 90 0.00 90 23.8 83.2 83, 97
(020) 28.5 90 0.00 90 28.5 90 90
(101) 311 69, 121 0.31 72 31.0 66 65, 115
(10-2) 33.7 0¢ 0.83 17¢ 33.7 o -d
(021) 33.8 60, 120 0.42 65 33.8 62.8 61,119
(120) 34.3 85, 95 0.07 86 344 85.3 85, 95
(12-1) 36.6 60, 120 0.42 65 36.3 58.8 57,123
(11-2) 36.6 N/A® - - 36.7 23 14, 166

®Reflections appearing as pairs of § values were caused by glycine nanocrystals oriented in opposite directions within
the pores, where the symmetry between the crystal orientations resulted in reflections mirrored across & = 0°and 90°
PCalculated using Equation 4.4. °Calculated from (hkl) and (10-2). The [001] is assumed to be the fast-growth
direction and is nearly parallel to the pore direction. % (from measured) is the apparent angle between (hkl) and (10-
2), the plane perpendicular to the pore direction. The (10-2) is parallel to the beam, and only forward scattering would
be expected from this plane, that is, there would be no reflection expected for the (10-2). The crystals are not all
perfectly aligned, however, and the small fraction of crystals oriented such that their (10-2) is tilted (26/2) 6 = 16.85°
relative to the beam satisfy the Bragg condition. This leads to the appearance of the (10-2) reflection at 5 = 0°, which
corresponds to an apparent ¢ = 0 = 16.85° °Reflection not observed in the data.

Collectively, these observations reveal a correspondence Dbetieereffect of chiral
auxiliaries on the growth of bullg-glycine and embedde@-glycine nanocrystals, and a
connection between the fast growth directiorfajlycine nanocrystals and their orientation in
the cylindrical pores. In the absence of auxiliaries the ngstats grow with their native fast
growth direction, <010>, aligned with the cylindrical pore. This sstgy that “misaligned”
nuclei, with <010> axes inclined to the pore direction, are diséavbecause their growth is
obstructed by the pore walls, with fewer achieving crit&aé during crystallization compared
with those with <010> aligned along the pore direction. The suppreséitrese misaligned
nuclei would diminish as <010> approaches an alignment coincidingtietipore direction,
which is consistent with the distribution of orientations evidemh the arcs of intensity about

central maxima for the Bragg reflections. The addition ofmaceuxiliaries, however, alters the
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relative kinetics of growth along the various crystallographirections, suppressing growth
along <010> such that growth along another crystallographictigineis preferred, in this case
the <001>.

Notably, becaus@-glycine is chiral and exists as two enantiomorphs, an enantiopiret c
auxiliary binds selectively to a particular face of only on¢hef enantiomorphs, in this case the
(010) of (+)B or the (0-10) of (-B, depending on the handedness of the auxilidigder these
conditions, the enantiopure auxiliary will inhibit the growth of oahe of the enantiomorphs,
allowing the other to grow unimpeded with characteristics iddiith those observed for in the
absence of any stereochemical inhibitor. For example, S-Trp, S-Met, and Sléttigedy inhibit
growth along the [0-10] direction for (B-glycine by binding to the (0-10) faédecause growth
of the (+)f enantiomorph is not affected these crystals grow normally alenf10] direction,

such that the (+))-nanocrystals are oriented with [010] parallel to the pore directigur@i-7).

4-4: Concluding Remarks

These results demonstrate thftglycine crystals, which are favored under nanoscale
confinement, adopt an orientation in which the fast-growth directialigaed with the pore
direction. The addition of a racemic mixture of chiral auxiigriwhich inhibits growth along the
native fast-growth direction, generates a different oriemtafThese observations argue against
heterogeneous nucleation wherein a particular crystal plaaeadts favorably with the pore
walls. Instead, the results suggest that the observed oriestat@@a consequence of critical size

effects and surface energy considerations, wherein confinefagats growth orientations

\

The range of orientations exhibited by fliglycine nanocrystals embedded in p-PS-PDMA preadud
the determination of their chirality from any o&tB-Du-XRD data.
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Figure 4-7. Preferred orientations adopted by B-glycine nanocrystals grown within p-PS-
PDMA in the presence of no, enantiopure, and racemic mixtures of chiral auxiliaries.

that permit nuclei to achieve critical size more competiyi when their fast-growth axis is
unimpeded by pore walls and the area of the face with the higihéstes energy is minimized
when aligned perpendicular to the pore. Collectively, these obmmvadtustrate the connection
between bulk crystal habit and nanocrystal orientation under sizenearit. The ability to
manipulate the orientation of nanocrystals under extremecsizitnement could provide new
routes to composite materials while enabling exploration oftitueture-property relationships at
the nanoscale, for example, solid-state reactions occurringrganic nanocrystals with
dimensions smaller than those reported previcGdiit is also interesting to consider whether

the formation of a non-centrosymmetric crystalline phaseuss of nanoconfinement - in this
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casep-glycine, the simplest amino acid — suggests a role foptiesiomenon in the genesis or

amplification of biological homochirality in clay or mineral matriéés.

4-5: Experimental Procedures

4-5.1: Methodsand M aterials.

All reagents and solvents were used as received unlesswisthenoted. Glycine was
purchased from Sigma-Aldrich, Inc. (St. Louis, Missouri). Aqueous glycingieos were passed
through a 0.4%um poly(tetrafluoroethylene) syringe filter before use to aeenany insoluble
particulate matter. Polylactide-poly(dimethyl acrylamide)yptirene (PLA-PDMA-PS) triblock
polymers and monoliths were prepared according to procedures desoréd@revious repoft.
PLA-PDMA-PS triblocks were synthesized with volume fiacs offp 4 = 0.30,fppma = 0.13,fps
= 0.57, which were conducive to the formation of a hexagonally-packieder structure. When
shear oriented, these triblock copolymers generated cylindetsfofwhich were etched in base
(1 M NaOH solution in 50:50 MeOHA®) at 60°C for 5 days to generate porous PS-PDMA (p-
PS-PDMA) monoliths with cylindrical pores having 22 nm diameté@rse p-PS-PDMA
monoliths were dried under vacuum at room temperature for 3 hovesntive residual water
after post-etch rinsing. The cylindrical pores in the p-PS-PDiWholiths were well ordered, as
confirmed by small angle X-ray scattering. The interiomijnof the pores was PDMA-rich and

therefore hydrophilic, which permitted infiltration of aqueous solutions.

4-5.2: Crystallization in Nanopor ous Block Copolymers

The p-PS-PDMA monoliths (approximately 1 mm x 2 mm crosieseand 3 mm along the

pore direction) were immersed in water for 2 hours prior thibhing glycine solutions. This
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pretreatment was found necessary for consistent loadingahglin the pores, as surmised from
the Bragg peak intensity in the XRD. The monolith pieces wabsequently immersed in 18%
glycine solution for 2 hours, during which the glycine solution atgg into the pores of the
monolith. After removal from solution, the outer surfaces of the nithsolvere carefully
swabbed with a soft dampened tissue to remove any externaheglgolution residue. The
monoliths were then dried under vacuum at approximately 0.1 mm H¢§ faurs, although
nanocrystals were detected by X-ray microdiffraction (sdewhewithin 30 minutes. Further
drying under vacuum did not affect the crystallization outcome, and allowing the thertoldry
under ambient conditions afforded identical results but nanotgygeae not detected until after

approximately 2 hours. Further crystallization was evident during the nexbhdying.

4-5.3: Characterization

Wide-angle X-ray scattering microdiffractiom-KRD) was performed on a Bruker AXS
(Madison, Wisconsin) microdiffractometer equipped with a 2Dn8igs multi-wire area detector
and a 0.8 mm beam collimator. The full width at half maximum (Ff¥YHesolution of the
instrument was determined by measuring the FWHM for both aesangstal LaB wafer and a
single crystal of highly oriented pyrolytic graphite (HOPGhe FWHM resolution of the
instrument was approximately 0.279j2ver the P range of 15°-35°, allowing for a maximum
crystal size estimate of 30 nm by the Scherrer equéfionulated X-ray powder patterns far
B, and y-glycine were generated using Mercury (Cambridge Crystalpdgc Data Center,
Cambridge, United Kingdom, version 1.4.1) with crystallographicrpaters obtained from the
Cambridge Structural Database (Cambridge Crystallographta Benter, Cambridge, United

Kingdom).
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The monoliths were affixed at the end of a brass pin using k amaunt of clay such that
striations on the monolith surface, known to be parallel with thectiin of the pores, were
parallel with the brass pin. The brass pin was then insertecisample holder supplied by the
manufacturer and then tightened with a small screw. This sawgs then mounted on a four-
circle Eulerian cradle such that the cylindrical pores were alignedigdavith the X-ray detector,
and then the cradle was adjusted via the instrument controlsthenfpores were aligned also
parallel with the vertical centerline of the detector.a&dr-video alignment system supplied by
the manufacturer was used to determine whether the monolith wasdaligth the beam, and the
position of the brass pin was adjusted with small scravisd sample holder until the alignment
system indicated the monolith was in the beam path. To véwfypores were aligned parallel
with the vertical centerline of the detector, an inigat of X-ray data was collected and the
azimuthal positions of the resulting Bragg reflections werseded. Proper alignment of the
sample was evident when the reflections were symmedbaatad = 90°, which verified that
crystals pointed in opposite directions within the pores \atse symmetric abowt = 90°. This
indicated the pores were parallel with the vertical @erand if the data suggested otherwise, the
Eulerian cradle was adjusted with the instrument controli$ tinet Bragg reflections from the
monolith met this criteria.

Data were collected in a forward scattering mode, initiaithh the monolith aligned parallel
with the vertical center line of the detectér= 0°) and the incident X-ray beam centered on the
detector (Figure 4-8A). The sample-to-detector distarae Gvcm. In this configuration, Bragg
reflections were collected over a full azimuthal circle <@ < 360°) with radius 0% 20 < 30°
(Figure 4-8A). Data also were collected at a sampleteettl distance of 15 cm and the

monolith positioned parallel to the right edge of the detedior (0°; Figure 4-8B). Many
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reflections were more readily discerned at the longer satoyletector distance, although this
configuration precluded data collection spanning the entire 3@Dfuth. Instead, Bragg
reflections were collected over the quadifrthe full-circle ranging from 2.5 26 < 37.5° and
45°< § <135°. Rotation of the monoliths counterclockwise aboubtharis by 90°, such that=
0° was coincident with the horizon of the detector, allowed data collection rdngn@.5°< 26
< 37.5° and -45% § < 45°, which was equivalent to the top quadrant of the full eirblata
collection for the two remaining quadrants was not necessatlyese are simply mirror images

of the left and top quadrants.
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Figure 4-8. Configuration for diffraction using the u-XRD, equipped with a 2D detector. The
nanoporous monolith with embedded nanocrystals (depicted here as only a single cylinder) is
held in a fixed orientation with respect to the detector, with the beam targeted at either the (A)
center or (B) right edge of the detector. Reflections from specific crystal planes produce
diffraction spots on the 2D detector at coordinates of (26,5), where 20 is the Bragg diffraction
angle and & is the azimuthal angle on the detector that reflects the orientation of that plane
with respect to 8 = 0°% which coincides here with the pore axis (the normal setting for
experiments described herein). Arcs of intensity (rather than discrete points) signify a
distribution of orientations of the reflecting plane about the preferred orientation.
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5-1: The Effects of Size Confinement on Crystallization of Racemic

Compounds

The effect of size confinement on the crystallization ofmaceand enantiomorph crystals has
yet to be explored. Most racemic crystals are centrosymumefhe mirror image of a
centrosymmetric unit cell can be mapped back onto the origelal lo contrast, single
enantiomers prefer chiral crystal structureghich cannot be mapped onto their mirror images.
These distinct structural characteristics necessitatésrabamates and enantiomorphs exhibit
different physical properties, including melting temperature, diband bioavailability?
Hence, controlling whether racemic molecules crystalligeracemates or enantiomorphs is
greatly important to the pharmaceutical settdihe property differences between chiral and
centrosymmetric crystal structures are also evidenpdtymorphs of achiral molecules such as
glycine, where thex-form is centrosymmetric (Space Group: /R and theB-form is chiral

(Space Group: RRand each exhibits different stabilities and melting behaviors (SedeCi3p
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No general rule exists for predicting the relative sii#dsl or physical properties of racemic
and enantiomorphic crystals of a compound. For example, a number of compoystdize
spontaneously as conglomerates — mixtures of enantiomorphs ofithe compound — even
when the source material for the solid is a racemic mixifiohiral molecules. The separation of
enantiomers from racemic mixtures is relatively straightéod for conglomerate systems, and a
number of methods exist to perform such separatid®@ontrarily, many racemic compounds
form true racemates — crystals with both enantiomers iaritheell. Separation of enantiomers is
considerably more difficult for true racemates compared withloorggates. In order to achieve
these separations, the enantiomers from the true racematefiem derivatized in attempts to
induce conglomerate crystallizatiochélternative methods of controlling the crystallization of
chiral compounds are analogous to those for controlling the polymorpbisrachiral
compound$. The crystallization of glycine in the presence of chiaalxiliaries induced
polymorph selectivity between centrosymmetric and chiral arjstms? The energy difference
between conglomerates and true racemates is on the sasreagrdhe difference between
traditional polymorphs (~1 kcal/mdi). This suggests that crystallization of racemic mixtures of
chiral molecules under size confinement may generate newcepl®tfor controlling the
crystallization of racemates and conglomerates.

The classic description of chiral recognition - the Three Rotetaction modél- posits that
an enantiomer molecule absorbs to a chiral surface by aligsiobiial center with the surface to
minimize their interaction energy. Opposite enantiomers walnifest different interaction
energies with a chiral surface (Figure 5-1). Consequentaily of the two enantiomers will have
a more favorable interaction with the surface, resultingr@fierential absorption. This concept is
applied extensively in chiral cataly$iand chromatographyand can be harnessed to rationally

design chiral surfacés.
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Frostmar’ suggested tailoring a surface with chiral molecules coutwige a favorable

nucleation site for one enantiomer of a conglomerate over tleenaste (Figure 5-2), thereby

Figure 5-1. lllustration of the Three Point Interaction model for chiral recognition. If two
enantiomers (top left, top right; interacting units are depicted by blue triangles, green
diamonds, and yellow circles) come into proximity of a chiral surface (bottom; interacting units
are depicted as blue triangles, red squares and yellow circles), the two enantiomers can not
align their substituents with the same functional units on the surface. Different interaction
energies result.

driving the separation of the enantiomers. The Osaka Yrdemonstrated that enantiomers of
leucine selectively absorb to self-assembled monolayerslaicine derivative with the same
handedness. They noted from the crystal structures of raeermienantiomorphic leucine that
the crystals are composed of layers of single enantioméits &lternating enantiomeric layers
for the racemate), and the orientation of the enantiomerdiffgeent in the enantiomorphs and
racemate. This difference, which owed to the orientation of the hydropsidbichain of leucine,
induced preference for the growth of one enantiomorph on the suffaeésaka report clearly
revealed that a chiral surface exhibits enantiomorphiecseity. Notably, the results of this
report indicate that crystallization in a nanoporous matrix whiral pore walls — where the

surface effects are greatly enhances — may result in emamphic selectivity for achiral
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molecules crystallizing in chiral space grogpsconglomerate selectivity for racemic molecules

ol

that typically grow as racemates.

L L [ L_[ 1 |

Figure 5-2. lllustration of the effect of a homochiral surface on the heterogeneous nucleation
of crystals of a racemic compound. The surface is more compatible with one of the two
conglomerates than with the racemate crystal, thus promoting the nucleation and formation of
conglomerate crystals over the racemate. Adapted from Reference 10.

Possible routes for the preparation of porous materials ‘hittal cpore wall functionality
include (a) silanization of CP&with a chiral silane (b) hydrolysis of p-PS-PDMA to p-PSA
(PAA = poly acrylic acid) followed by the EDACN{ethyldN'-(3-dimethylaminopropyl)-
carbodiimide) mediated coupling of a chiral amine to the PAd, (c) preparation of a new
triblock copolymer, similar to PS-PDMA-PLA, that would regabe PDMA component with a

chiral polymer. Route (c) holds significant promise, owing to @inéorm pore size, pore
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alignment, and inclusion of the chiral functionality during thieldck synthesis. Furthermore, a
monolith with chiral pore walls could facilitate exploration iras other than crystallization —

such as membrane-based chiral separations or catalysis.

5-1.1: Preparation of Hydrophilic Polymer Monoliths With Chiral Pore Walls

Studies of the effects odilor made auxiliaries on bulk crystallizations revealed that hydrogen
bonds between the auxiliary and crystal surface serve as itkagd that promotes
enantioselectivity. Fortuitously, a number of candidates forptacement to PDMA exhibit
hydrogen bonds. Our earlier experience with amino acids — of whicimgligcthe only achiral
example — immediately implicated them as possible candidatgmife wall moieties. Notably,
the second-simplest amino acid, alanine, is chiral, soliableater (~18g/100 ml watér)and
inexpensive. Furthermore, alanine has two hydrogen bonding groupsimihe and carboxyl
units of the amino acid — that permit the reaction of one to achigzgration into a monomer
while permitting the other to serve as a linkage to promote crystelwall interactions.

The acrylamide derivative of L-alanindy-acryloyl-L-alanine (NALA), was synthesized
according to a previously reported procedure (Figure 5*83An aqueous solution of L-alanine
(10g in 100 ml HO) was cooled to ~2 °C in an ice bath. Sodium hydroxide solution ({@59)
water (75 ml) was added dropwise, which prevented the bath framimga Acryloyl chloride
(210 ml) was added dropwise and the solution was stirred fohowos, during which time the ice
bath was permitted to warm to room temperature. After reactid H@I solution (100 ml) was
added dropwise to acidify the solution, resulting in the pretipitaof a white solid. The mixture

was stirred for one hour at room temperature and subsequgtridgted three times with ethyl

i. After glycine and alanine, the solubility of amiacids in water decreases rapidly. Their solyhihi

methanol is generally one fifth of that of water.
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Figure 5-3. (A) Scheme depicting the synthesis of N-acryloyl-L-alanine, i.e. NALA. (B)
Scheme depicting the synthesis of N-acryloyl-L-alanine methyl ester, i.e. NALAM.

acetate. The organic phases were collected and dried oveesnam sulfate. The solvent was
removed under reduced pressure to afford the white powder prdHactyloyl-L-alanine (5.8 g,
36% yield)."H NMR of the product revealed chemical shifts consistetit thiose reported in the
literature (Figure 5-4)+*°

NALA (0.25 g) was homopolymerized in dimethyl formamide (DMF, 1ml)ingis
Azoisobisbutyronitrile (AIBN, 2.5 mg) as an initiator and S-1-Donde’-(o,a’-dimethyl-o.”-
acetic acid)trithiocarbondfeas a chain transfer agent (CTA, 11 mg). The concentration of NALA
was approximately 1.7 M. After 60 minutes at 60 °CtANMR (in DMSO) was collected for
the crude reaction mixture. Comparison of the integrated interfgitidse monomer and polymer
resonances suggested a conversion of 50%, corresponding t@ an4Mkg/mol for polylN-
acryloyl-L-alanine) (PALA). Attempts to redissolve the pogmin methylene chloride,
chloroform, and THF failed, precluding analysis of the polylmeCHCk- or THF-eluent SEC.
The polymer was precipitated in 50/50 ethyl acetate/pentdoe tavremove unreacted monomer

and solvent.
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Figure 5-4. *H NMR spectra of N-acryloyl-L-alanine (NALA) in DMF solvent.
After successful synthesis of PALA homopolymer, NALA (1 g), PCAA (1.5g), and AIBN
(10 mg) were mixed in DMF (2 mL) and degassed with threez&-pump-thaw cycles. The
combination was stirred at 60 °C for 2 hours, thereafter,rtide aeaction mixture was sampled
and interrogated byH NMR (in deuterated DMSO). The spectrum revealed no resonances
consistent with PALA, indicating that PALA was not added to the 0/ macroinitiator.
Spectra collected in deuterated DMSO, CP@hd DO indicated the same result. The reaction
product was precipitated in pentane and dried, and subseu®&R and SEC revealed the
product to be exclusively PLA-CTA. Several subsequent studie®e werformed with

temperatures as high as 70 °C and stir times as long lagu?g, but analysis of those reactions

177



Chapter 5: Future Work
also indicated no polymerization of NALA. The cause of thederés was not established
conclusively.

A second monomer was prepared by dissolMimethyl-L-alanine (2g) into 100 mL of
water™” Notably, the solubility ofN-methyl-L-alanine was substantially less than that of L-
alanine. The solution was cooled in an ice bath. Sodium Hydregid&on (10 g in 25 mL kD)
was added dropwise, followed by dropwise addition of acryloyl chld@deL). The solution
was stirred for 2 hours, and the bath was allowed to warm to teowperature. The reaction
mixture was acidified with 12 N HCI (100 mL) and extracte@¢htimes with ethyl acetate, after
which the organic phases were collected, dried over magnesitatesaind concentrated under
reduced pressure. The product was a small quantity brown sr¢siél mg), which could not be
sequestered for subsequent analysis. Prior reports of tikesis ofN-acryloylIN-methyl-L-
alanine indicated yields of 40%. Additional syntheses of this menarare performed following
the reported procedure exactly, but yields in excess of @ &araount of brown crystals were not
obtained.

Attempts to prepare a third monombBkacryloyl-L-alanine methyl ester (NALAM), in water
with acryloyl chloride and NaOH (as per the synthesis of NAlbbva) resulted in hydrolysis of
the ester, producing >99% NALA according’té NMR spectra. The sequestered NALA was
esterified to NALAM by adding trimethylsilyldiazomethane drogevto a THF/methanol
solution of the monoméf. The resulting NALAM compound, however, required purification by
column chromatography, which increased the appeal of pursuingditeetr synthesis methods.
One such method was the synthesis of NALAM in water from hiaéa methyl ester
hydrochloride and acryloyl chloride, with sodium bicarbonate gdacement for sodium
hydroxide™ This followed the same procedure as the synthesis of NALAtheutesult was a

very low vyield (~0.25% by mass) of an oil residue, despite tiggnat report® indicating yields
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of 90%. The yields obtained in our laboratory were too low foptitgmerization NALAM on a
scale necessary for monolith preparation.

The synthesis of NALAM was also performed by dissolvingaldnine methyl ester
hydrochloride (25 g) in chloroform (200 mL), chilling the solution miee bath, then adding
triethyl amine (25 mL) and acryloyl chloride (14.5 mL) dropwiser two hours (Figure 5-3B).
The solution was stirred for another two hours, and allowed tonréturoom temperature.
Subsequently, the solution was washed once with water, twibe5%it HCI solution, and once
with brine. The organic phases were collected and dried ovgresaum sulfate. The solvent was
removed under reduced pressure, which produced a clear oil (3286 yield). '"H NMR
revealed chemical shifts consistent with those reported inlitdrature (Figure 5-5) The
hydrolyzed byproductN-methyl-L-alanine, was present (~15% mole), but the NALAM was
used with this impurity. The product oil was stored in theigefator at ~0 °C to prevent
polymerization, and did not auto polymerize after two weeks at this tatoper

NALAM (0.5 mL) was mixed with AIBN (5 mg) in DMF (0.5 mL). The mixture sveealed in
an airtight reaction vessel and evacuated by three freeze-{aw cycles. The mixture was
heated to 60 °C and stirred. At 30 minutes and 45 minutes, aliquotsremeoged. A small
portion of each aliquot was placed directly into an NMR tube andedilutith CDC}. The
chemical shifts ab = 5.55, 6.15, and 6.2, each of which corresponded to one of the alkene
protons on the monomer, were still present, and the integrategitige of the NMR peaks were
normalized so each of these shifts was approximately one. Sbread peaks had appeared near

d ~ 2, which suggests the formation of the alkyl backbone of thenpo chain. The chemical

shifts of the monomer peak&t 3.75, corresponding to the methyl ester protons, had broadened.
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Figure 5-5. 1H NMR of N-methyl-L-alanine methyl ester (protons denoted as letters in
parentheses) synthesized according to the above procedure. Spectrum collected in CDClj
solvent. A side product of approximately 15% (mole) N-methyl-L-alanine (protons denoted by
letters in parentheses with * ) remains after extracting and drying the product, which is a

viscous oil.

Examination of the shapes of these peaks revealed cleap singlets superimposed on a

second, broad peak. The former were due to unreacted monomer, latietheere due to those

substituents in the polymer. Subtracting the intensity of the ri@edapeaks of the monomers

revealed a conversion of approximately 50% after 30 minutes and 66%aftenutes.

The synthesis of PLA-PNALAM diblock copolymer followed theheme of Rzayev and

Hillmyer,"®* where PLA-CTA (0.5 g, Figure 5-6) was dissolved in DMF (0.5 rang NALAM

monomer (1 mL) was added with AIBN (5 mg). The solution weelesl, degassed by three

freeze-pump-thaw cycles, and stirred at 60 °C for 45 minutesnmbim®mer was diluted with
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CH,CI, and precipitated in pentane, producing a yellow-white powder. Aftemgligia vacuum
oven at 45 °C overnight, the powder was analyzed by 1H NMR and St£CNWR spectra
revealed the presence of trace amounts of NALAM, but substamiounts of PNALAM and
PLA. The tertiary proton of the PNALAM units was not visiblia the NMR, but the methyl
ester proton resonances indicated that PNALAM repeat waits present in a 22:200 molar ratio
to the PLA units. This corresponded to molecular weights of approedynisl, s . = 14 g/mol
and M, pnaam = 5 kg/mol. SEC revealed a monomodal peak with Mn = 10 kg/nidl =P1.19
(Figure 5-7). The molecular weight of this diblock determifredh SEC was surprisingly less
than that of the PLA-TC (14.7 kg/mol, see Appendix B), possibly duant unfavorable
interaction between PNALAM and chloroform reducing the efiectsize of the diblock
copolymer. The presence of a monomodal peak and the PNALAM resoranttes proton
NMR, however, indicate that a PLA-PNALAM diblock copolymer formed (Fég5-6).

Addition of third block was performed by dissolving PLA-PNALAM ityrene, degassing the
solution with three freeze-pump-thaw cycles and cooking thelsafor 4.5 hours at 120 °C
(Figure 5-6). Between 4 - 4.5 hours, the solution became veryugsprecluding facile stirring
of the solution. After 4.5 hours, the solution was diluted with,@Hand precipitated into
pentane, affording a white powder. This powder was dried in a vacuemadwv5 °C overnight.
NMR revealed the addition of polystyrene to the diblock copoly(ffigure 5-8), with Mps= 53
kg/mol, SEC analysis revealed a monomodal peak withaM= 79 kg/mol and PDI = 1.47
(Figure 5-7). The final triblock, PLA-PNALAM-PS, possessed compbndegree of
polymerizations — B a:Npnaiam:Nps — of  200:22:515, corresponding to molecular weights of

14k:5k:53k g/mol.
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Figure 5-6. Synthesis scheme for PLA-PNALAM-PS triblock copolymers.
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Figure 5.7. Size Exclusion Chromatography traces of PLA-PNALAM-PS (top, black, small
dashes) triblock terpolymer as it is being synthesized from (middle, red, long dashes) PLA-
PNALAM diblock copolymer. (bottom, blue, solid line) SEC trace of PLA-TC macroinitiator
used to prepare PLA-PNALAM and PLA-PNALAM-PS. Notably, the addition of the PNALAM
block to the PLA-TC compound caused peak broadening and a slight decrease in Mn
compared to PLA-TC. In contrast 1H NMR data suggested that ~5 kg/mol of PNALAM was
added to PLA. The broadening at this step was significant considering the small amount of
PNALAM added, and this should be addressed in any subsequent studies on this synthesis.
The addition of the PS block to PLA-PNALAM resulted in peak broadening and an increase in
Mn, which was corroborated by 'H NMR spectra. Again the substantial broadening upon
addition of the PS block was unexpectedly large. Anecdotally, this broadening was greater
than any peak broadening observed by this author when adding PS to PLA-PDMA to produce
PLA-PDMA-PS.
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DMF (8 ~ 2.9), which remain after the reaction and precipitation procedure.
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Figure 5.9. IR Spectra collected for (bottom) PLA-PNALAM-PS and (top) aligned, partially
etched PLA-PNALAM-PS. The etching was performed in 60 € 0.5 M NaOH in 50/50
MeOH/H20 solution for 7 days, and 1H NMR revealed that this resulted in 60% removal of the

PLA but insignificant hydrolysis of the methyl ester of PNALAM (which was desired to form
PNALA). The primary differences between the IR spectra collected for the unetched and
partially etched triblocks was in the C-O resonance region between 1000-1200 cm™). This
region showed a notable decrease in absorbance for partially etched samples compared with
unetched samples, and is expected to be the area where hydrolysis of PLA and the methyl
ester of PNALAM would be most visible. When etching PLA from aligned PLA-PDMA-PS,
>99% removal of PLA is achieved after 5-7 days. The etching of the PLA with these new
triblocks were not as successful, which could be due to poor alignment of the monoliths (F,
measured between 0.70-0.80 from SAXS, but PLA-PDMA-PS monoliths with these F, values
still etched completely) or hydrophobic interactions between the PNALAM and the hydrolysis
solution. Recommendations for etching in the future include adding SDS to the hydrolysis
solution to improve penetration of the hydrolysis solution into the pores, and possibly

increasing the NaOH concentration in the solution to cause faster hydrolysis.
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5-1.2: FutureWork with PLA-PNALAM-PS

The results in the previous section are promising for the oj@wvent of a porous polymer
monolith with chiral pore walls. Those results are only prelinjinhowever, and additional
details such as robust NALAM, PNALAM, and PLA-PNALAM purificai techniques need to
be pursued. The pressing and etching conditions of the monoliths Ismdteaexplored. Initial
presses of the triblock terpolymer described above have produsdtchuous, transparent
monoliths which exhibited Fvalues of 0.70-0.80 when their alignment was interogated by
SAXS.

After a robust procedure for monolith fabrication has been developeeras opportunities
exist for studying confined crystallization in the pores. The aljzition of glycine in the
presence of chiral auxiliaries resulted in polymorph and enantdmselectivity. Presumably,
the enantiomorphic selectivity observed for bgliglycine grown in the presence of chiral
auxiliaries occurred for the glycine nanocrystals grown with similar laaniés in the pores of p-
PS-PDMA monoliths. This was not interrogated as part of thdies discussed in Chapter 4,
however. This effect could be explored, however, as could theteff chiral pore walls on the
enantioselectivity of-glycine embedded in p-PS-PNALAM monoliths. The results of such
studies could contribute to understanding of the origins of homotiialihe solar system. The
crystallization of racemic mixtures of chiral moleculeshivitthe monoliths could also produce
notable results. Particularly, the crystallization of traeemates within nanoconfinement may
produce new polymorphs of racemic crystals or separation of theti@narphs into

conglomerates. The crystallization of conglomerates might prodemeenantiomorphs or true
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racemates. The possibility of conglomerate systems or toeenedes adopting the same crystal

structures in nanoconfinement would also provide insight into crystiatiizphenomenon.

5-2: Controlling Pore Size and Functionality via Polyelectrolyte L ayer -
by-Layer Deposition

We initiated studies in controlling the pore size of pHEBMA monoliths by polyelectrolyte
Layer-by-Layer (LbL) deposition. This technigue, which involdepositing successive layers of
oppositely charged polymer electrolytes onto a surface, has dmaployed to produce fine
control over thin film thickness. A wealth of literature stsion this topi¢® A recent study
explored the application of LbL in nanoporésut those works were for nucleopore membranes
with low porosity compared with our monoliths and much larger pore8%80m). Our work in
this area was limited, owing to interests in other studiespgrexiuded us from pursuing this
further. The facile hydrolysis of PDMA to polyacrylic acidhet latter of which is a weak
polyelectrolyte widely studied in LbL, suggests that the polymenoliths developed by Rzayev
and Hillmyer may permit LbL within the pores. Most LbLperformed with large polymers that
have lengths (=50 nm) much larger than our pore size range (~10 nm). The Lblicepdsow
molecular weight polymers, however, could provide a unique wagilofing membranes based

on our monoliths to specific size-related and functionality-relatedcapigins.

5-3: Dependence of the 8-Breadth of Diffraction Peaks on Pore Size

In Chapter 4, we discussed the preferred orientation behavionotnyatals embedded within
porous polymer monoliths. One of the key results extracted from igtation studies was that
the azimuthal breadtrs{readth) of the Bragg reflections in the 2D X-ray diffrastpatterns

indicated a distribution of orientations about a preferred meantation. The orientation
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distribution, we argued, is a consequence of crystals in or megreferred alignment being able
to grow in excess of their critical sizes. In contrast, cry$talsutside of the alignment grow into
the pore walls, where they possibly have their sizes lihstech that they are unstable. These
unstable crystals then vanish because either an amorphous pipasteiied or because they
nanocrystals undergo Ostwald Ripening within the pores. Theses gasie an interesting
consequence; namely, if the stabilities of the crystalsliawiged by the lengths they achieve
before growing into the pore walls, then it is reasonable to edpaichanocrystals in wider pores
would exhibit a broader distribution of orientations compared withetfembedded in small
pores. Within large pores, crystals can have a greatertivevieom the preferred orientation and

still achieve the minimum length necessary for stability (Figet@)5

r B

d1 d2

Figure 5-10. lllustration of a crystal that has grown into the pore walls in cylindrical pores of
different diameters. (A) Within pores of diameters d;, a crystal that grows with angle &,*
relative to the pore direction has its growth limited by the walls. (B) A crystal in larger pores (d,
> d,;) can adopt a larger angle 5,* with the pore walls and still grow to the same length as the
crystal in the smaller pores. If the length of these crystals represents the minimum length
required for the crystal to remain stable, §;* and &,* would manifest as the limits of the
azimuthal breadth of Bragg reflections collected for polymer monoliths loaded with crystals of
varying orientations. Consequentially, well aligned monoliths with large pores should produce
crystals exhibiting broader distribution of orientations compared with monoliths with small
pores.
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The degree of alignment of the polymer monoliths was a limi@agor in our orientation
studies. Poorly aligned monoliths precluded determination ofatrglignment, and all monoliths
obtained had varying degrees of disorder. As a resultp-tireadths measured from the XRD
data were a convolution of the distribution of crystal orientatiwith the pore orientations. This
complexity prevents the absolute determination of dtepread owing solely to the crystals,
however, monoliths with good alignment, (F 0.95) should permit qualitative determination of
whether the above hypothesis is true.

Attempts to determine the effect of pore size dabreadth for glycine crystals embedded
within p-PS-PDMA were precluded because monoliths with la»@® (im) and small (10 nm)
pore sizes and high degrees of order were not prepared sultgdgppendix B). Examination
of the 3-breath for diffraction data of several samplesdf9 (azelaic acid)x-C11 (undecanoic
acid) anda-C13 (brassaylic acid) embedded in 30 nm and 40 nm p-PCHE reweaiee range
of orientation distributions (Tabe 5- hes-breadths were averaged for each compound in each
pore size, however, the errors (corresponding to one standardtialevof the 5-breadth
measurements) for each average overlapped. As a resuitbtkadths of crystals in 30 nm and
40 nm pores could not be statistically discriminated. No cleard@pendence anbreadth was
observed. Attempts to corroborate thbreadth measurements with thevelues of the monolith
employed for each sample was unsuccessful, because #aéu€s were not calculated for each
individual piece of the monolith. These crystallization stsidiere performed without regard for

the R, value of individual monolith pieces, an oversight that was asiédefor the analysis of

ii. This author thanks Dr. Jeong-Myeong Ha for deiaeing the azimuthal breadths of these samples
upon request. Th&breadths for C5 (malonic) and C7 (pimelic) acidevaot examined because their
polymorphic behavior precludeiibreadth measurements for one polymorph in a rafigere sizes.
Contrarily, the preferred orientation of glycine sManly examined in one pore size of p-PS-PDMA
monoliths, thus the effect of size &breadth could not be examined for those.
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Table 5-1. Azimuthal breadths of the (002) Bragg reflections for the C9, C11, and C13
dicarboxylic acids in 30 nm and 40 nm p-PCHE.

Crystal and Peak Pore Size 5-breadth® (deg.) Avg. (deg.) Std. Dev.
a-C9; (002) 30nm 25,29, 30,46, 47,42, 49,41, 42, 35 36 8
40nm 25, 23,27, 25,18, 24, 26, 33, 35, 33 27 5
a-C11; (002) 30nm 28, 25, 31, 28, 29, 44, 46 33 9
40nm 50, 51, 39, 31, 46, 45, 44, 39, 39, 39 42 6
a-C13; (002) 30nm 50, 42, 40 44 5
40 nm 35, 33,32 33 1

*The §-breadths provided are symmetric about the detector horizon (see Chapter 4 for details) and
correspond to 25* (Figure 5-10).

glycine orientation within p-PS-PDMA. Without the, Walues, it is impossible to ascertain
whether the variations id-breadths could be due to variations in monoliths alignment or on the
crystals themselves. Therefore, the effect of pore sizerimmtation distribution cannot be
determined from these data, and additional experiments with moraflikm®wn, high E values
are recommended.

We note in conclusion that monoliths of substantially differen¢ gores should be employed
for any subsequent orientation studies. Based upon simple geomesidetations, such as
those illustrated in Figure 5-10, one can estimate theaedtip between the pore diametdys

andd, and the angles,* and d,* values for a crystal of fixed “critical length” (Equation 5.1).

d = d; 5.1
sind,  sing,

The ratio betweed,* and d,* for d, = 30 nm andl, = 40 nm varies from .75 fan* = 10° to
.73 ford,* = 30°. In contrast, id; = 20 nm andl, = 40 nm the ratios are closer to 0.50, which

should permit clear interpretation of thdbreadths measured from the diffraction data.
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5-4: Predicting Crystal Structuresof Newly Discovered Polymor phs

Glycine crystallization in p-PS-PDMA and CPG (Chapter 8yemled that the highly
metastablg form grew preferentially in small pores, and exhibited sl@nditions tau-glycine
in 55 nm pores. The formation pfglycine for the smallest crystals and subsequent conversion to
o for increasing large crystals suggested that glycinstals nucleating from bulk solutions
likely adoptp first and then transform to stabéenuclei. The ready conversion @f to a-
glycine for bulk crystals may be due in part to the similar sthpkene molecular architectures of
the crystals (Chapter 1). Notably, Ostwald's Rule of Stagggests that kinetically preferred
polymorph transitions occur between forms with the lowest diivathat is, forms that exhibit
similar structural features.

The influence of size confinement on crystallization has meduit the observation of
previously unreported polymorphs embedded within nanoporous matrices, spato@marin
and 8-pimelic acid (see Chapter 2)2* These forms are typically identified by the positions of
their Bragg reflections on X-ray powder diffraction patterns, h@wainlike the example of
glycine, their crystal structures can not be determined bstadlggraphy because suitable bulk
crystals can not be obtained. As the pore size of the nanoporalisemaicreases, these forms
give way to the polymorph preferred in the bulk. We posit that theentified polymorphs
exhibit crystal packing that has some structural similaatthe corresponding bulk polymorphs,
and that this can be used to assist in the prediction of the unkogystal structures. The
predicted structures could then be used to simulate powder tdfrgatterns (a straightforward
procedure) to determine which structure corresponds to the experimental pattern.

A number of techniques exist that permit structure predictioostMxamples are ab initio

methods, such as Monte Carlo methods, that rely on intense datesfat®>?*These calculations
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frequently neglect polarization effects in molecules, arel ineffective for molecules such as
salts and zwitterions, and solvates. Furthermore, differenttstes predicted by ab initio
methods frequently have very similar lattice energieglypdeng the prediction of experimentally
observed polymorphs. These methods can also result in a large rafrhipothetical structures.
Thus, ab initio methods may not be the best route for modeling polymdrpinactical approach
to predicting crystal structures, called crystal engineereagloits synthons composed of
molecules linked by specific interactions as supramolecuiédibg blocks for generating crystal
structureg? In contrast to the ab initio methods, which predict precise mialepacking, crystal
engineering predicts network properties, such as the selfribgs of synthons, for families of
related material® While novel and powerful for predicting these properties, riféthod is also
not suited for polymorph prediction.

A hybrid of these two approaches has been developed by Gervais andeCddaeown as
the "Derived Crystal Packing" model (DCP), this method afcstire prediction consists of two
primary steps. First, the mother phase - which would corregjotiet known bulk polymorph -
is analyzed to extract a number of one- or two-dimensionagieriragments (Figure 5-11; e.g.
a planar structure such as that observed-ghycine, or a chain of hydrogen bonded molecules
such as that observed im- and B-pimelic acid.). These fragments need not necessarily
correspond to a single molecule or unit cell, and are genetallsen to include strong hydrogen
bonding directions or pi-pi interactions within the fragment. Secoheset fragments are
rationally organized into new crystal structures by adding sstmnoperators in the additional
dimensions (two for a 1D fragment, one for a 2D fragment). Thetiregumlew crystal structures,
known as daughter phases, are assembled to comprise one of the @Qrepgps. These
structures then have their energies minimized computaliycenad their stabilities compared with
the mother phase.
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Figure 5-11. lllustration of the DCP process. (A) the crystal structure of the mother phase is
analyzed, and periodic fragments - denoted PFs - are extracted to be used as building blocks
for the daughter phases (B). Adapted from Ref. 27, with permission. Copyright 2002 IUoC.

The utility of DCP is that it builds upon the structural éeas of a known polymorph to
predict the structure of a related but unknown polymorph. Thectioets themselves remain a
trial-and-error process, but the rational design of potential polyimstructures from the mother
phase fragments may reduce the number of simulations requiretttmicke the structure of the
unknown polymorph. DCP may provide a new protocol for polymorph idenitificaas well as
new insights into the structure-property relationships o$taty embedded within nanoporous
matrices. The Polymorph Predictor™ in Accelrys’ Materifdesign Studio™ simulates
polymorphs in a method similar to DCP, and may afford a rautdetermining the unknown

crystal structures.

5-5: Exploring the Kauzmann Paradox in CPG

As a supercooled liquid approaches its glass transition tetopeythe entropy of the liquid
rapidly decreases. Kauzmahmoted that if the glass transition was suppressed far enough, the
entropy of the liquid would eventually reach and drop below th@gnof the crystalline phase

that should nucleate from the supercooled liquid. The temperatwkieh this would occur is
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called the Kauzmann temperature, typically dendigdand presents a limit for supercooling — a
liquid that is supercooled beloVk would violate the third law of thermodynamics. This violation
is known as the Kauzmann Paradox. Several good reviews exisissiigg the Kauzmann
ParadoxX??°3'* The |imit suggests that a supercooled material must uadssge form of
thermodynamically mandated transition. Kauzmann speculated th&ingtec glass transition
prior to Ty prevents equilibration of the supercooled liquid,atAnother related view speculates
that the supercooled compound undergoes a second order thermodynantigrtri@anaiso-called
ideal glass aTy, but that this thermodynamic transition is masked by the kigdiss transition
at Ty > Tk. Direct interrogation offx for compounds is prevented due to kinetic glassification,
thus, Tk is typically estimated by extrapolation of the entropy of the swoéed compound
below the observed,.

The apparent dependence of bdgandT,, on 1/r, discussed in chapter 2, suggests a series of
experiments that may provide insight into the Kauzmann ParadoxsicClagcleation theory
suggests that compounds confined below a particular size thermodghanpeefer an
amorphous phase over a crystalline phase (Chapter 1-7). Weudms whether size
confinement at this length scale can offer another method of cingdithe Kauzmann
temperature. Extrapolating the linear dependencdg ahdT,, on 1/r until they intersect would
mark a crystal size, denotegd and corresponding temperatufg, for which the crystalline and
supercooled amorphous state would have equivalent free eneggye(B-12). Crystals smaller
than this size would thermodynamically prefer the amorphous staeqdestion arises whether
Ty is equivalent tdl. If so, these experiments would validate the thermodynamitutes to
the Kauzmann Paradox in a previously unreported manner. The possibilit= Tx would also

suggest a physical significance fiin the determination of the Kauzmann temperature.
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Two compounds that may be useful for these studies ajBeAand AsS;. The bulk
glassification and melting behavior of these two compounds ik caracterized, and their
Kauzmann temperatures have been predicted by the tempergterelelece of entropié$The
suggested Kauzmann temperatures (min. = 97 °C foSAsand observed bulk melting
temperatures, (max = 382 °C for &%) are well within temperature limits of modern DSC
instruments and the stability limits of CPG. Both compounds & teasynthesize according to
previous work, and they both express experimentally attainable crystaflizad glass transition
behavior. Therefore, they would be excellent candidates for £#&dies ofTy and T, vs. 1/r if

they were embedded in CPG.

m,bulk

3hypothetical data points

< T L bulk

-.{

A
Ty

)r.r
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Figure 5-12. lllustration of the determination of T, and r, from T4(r) and Ty(r).

195



Chapter 5: Future Work

5-6: Concluding Remarks

This thesis has described the evolution of crystallizatiamanoconfinement, pursued with the
intention of understanding crystal nucleation and growth phenomenoneragthl scales
corresponding to their critical sizes. As part of the origioahtributions of this thesis, we
explored the polymorphism and orientation of glycine under nanocordimentherein we
observed polymorph selectivity and stabilization, and demonstratedndrapulating the fast-
growth axis of glycine nanocrystals with chiral auxiliariémmged the preferred orientation of
the crystals in the pores. We attributed these effectsetdelicate balance between surface and
volume energies for ultrasmall crystals. In this chapter, diseussed the possibilities of
extending our studies to new monoliths, pore wall functionalitiesimibteopic properties, and
polymorph discovery. Exploration of these areas should provide additiosight into the
properties of ultrasmall crystals, and may lead to work iddisuch as membrane separations,

drug delivery, and polymorph identification.
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Appendix A: Thermodynamic Derivation of

Classic Nucleation Theory

The derivation of classic nucleation is included in this thesi#l an apparent void in modern
literature. In our experience, recent discussions of iclasgleation neglect explanations of the
underlying assumptions or choice of system; whereas classic discussions are turgid to the
point of inaccessibility. The derivation discussed here is provided in an attempt toagivear
glimpse at the ideas behind classic nucleation theory. Thigyar derivation is for a solid
nucleating from a solution, but analogous results can be derived featianlfrom the melts and
from vapors. All fundamental thermodynamic principles employedirhesere taken from

Sandlef’
A-1: Thermodynamic Derivation of Critical Size and Energy

Consider a closed system filled with a solution and held ataar&andp. This system can
be described by the Gibbs Free Enef@yEquation A.1), which is defined for constanandp.

H is enthalpySis entropy.
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Appendix A: Derivation of Classic Nucleation Theory

G=H-TS Al

The driving force for the nucleation of a solid phase, denotedephafrom the solute is
determined by the thermodynamic favorability of the new phasedifferential element of the
solution were to solidify, the total Gibbs free energy offysem would change by a differential
amount (Equation A.2) corresponding to the sum of the changeseirifiergy of the two phases,
less the amount of work required to form an interface betwesmn.tG is the change in Gibbs
energy of the systentlG, is the change in Gibbs energy of phasdQ, is the change in Gibbs

energy of phase Il, ardlV,, is the work required to form an interface.

dG =dG, +dG, +dW,_, A2

The system remains closed, thus moles of mateNalremains constant; however, the
formation of a solid phase decreases the amount of matetta¢ iliquid phase (Equation A.3,
Figure A-1A). The presence of the work termdhy, , , in Equation A.2 is required because the
interactions between Phase | and Il may not be equivalent toténeations of Phase | and Phase
Il with themselves. The work is equivalent to the energy required taasgiigdA of Phase | from
itself (i.e. interaction cleaving) and of Phase Il from itgalis the energy gained from combining
the cleaved surfaces (Figure A-1B). These energies are delVgted\\,, and dWs, respectively.
Cleaving a surfacdA of a homogeneous phase generatés \#orth of surface after the split -
one for each half of the cleaved phase. Therefore, the effedié,canddW, are halved when
compared withdWs. The result is the definition gf the surface energy of the interface, in terms
of those works and the differential area (Equation A.4). Thaseirenergy is equivalent to the

change in free energy with respect to the change in surface aheasolid (Equation A.5).

dN =dN, +dN, =0 A3
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Figure A-1. (A) lllustration of the initial and final states of a closed system in which nucleation
occurs. (B) Scheme illustrating the definition of the surface energy, y, based upon the work
required to separate molecules of phase | (dw;), molecules of phase Il (dW,), and molecules

of phase | from molecules of phase Il (dW;) for a differential area dA.

ydA=dW _, = (dW, +dW,) / 2— dWw, A4

G

=— A5
dA

/4

The energy required to perforpalA, i.e. generate the interface between phases | and I, is
obtained from the Gibbs energy of the formation of phase Il froregpliEhe changes in Gibbs
energy of each phase owing to the transfer of molecules befpbases to the next written as

(Equation A.6, A.7):

dG, = ZC_B, SN, A6
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dGu :Zgll,ilel,i AT

The subscript denotes a component species, such as a solvent or solute mdleeulerms
G,; and_G; correspond to the molar Gibbs energy of speciasphases | and Il, respectively.
ThedN,; anddN;;; terms correspond to the moles of specigsning phase | or I, respectively.
The sum of these terms (Equation A.8) can be rewritten in tefntke amount of material

moving phase Il (Equation A.9) after employing the mass baldhle=-dN,; (Equation A.3).

dGI +dG|| = ZC_;I ,idNI,i +Z§|l,idNu i A.8

dGI +dGII :Z(C_;Il,i _§| ,i)dNII,i A9

By definition, the molar Gibbs energy of spediéga phaseM is the derivative of the Gibbs
energy of phas# with respect to the amount iofThis definition allows the molar Gibbs energy
term in Equation A.9 to be rewritten as Equation A.10. Theioelsttip can be simplified by

employing the mass balana#,; = -dN,; and combining similar terms (Equations A.11). This

result defines the chemical potential of speciasy (Equation A.12).

G _g - 96 _dG A.10
_||,I —|,I dN”‘i leyi
§|li_c_5|i:dG—”+di All
’ ’ dNII,i dNII,i
d(G, . +G, .
C_':'Il,i -G; = ( (ljlll\|+ I'I) = ddNG =—Ay A.12
I, I
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Appendix A: Derivation of Classic Nucleation Theory
Equation A.9 may now be rewritten (Equation A.13) and substituted althd=quation A.4
into A.2 (Equation A.14). This result is valid for a systefimultiple components, but does not
account for anisotropy in the nucleating phase, whexgiv andydA depend on the location of
addition of a patrticle of speciéso phase Il. Also, this model does not account for rotational and

translational contributions to the free energy.
dG, +dG, =-> AwdN, A13

dG=-> ApdN, ; +ydA A.14

For a one component system, such as a solution where the solvemodoaystallize,
crystallization from the melt, or a solvate (where the mpl@portions between solute and
solvent molecules in the crystal is constant and can thug&tedras one component) we obtain

the relation described in chapter 1 (Equation A.15, A.16):

dG, .., = —AudN, +vdA A.15

system

AG,q =—AuN + YA A.16

Now, assuming that the Phase Il adopts a spherical geometiy,pheicles of the spherical
nucleus can be described in terms of the volume of the sphere aditisrr, and the molecular
volume,v. Likewise, the Gibbs energy associated with the interface fammean be described in
terms of the surface area of the sphere (Equation A.17, Figi)e Phe change in chemical
potential of the particles that join the nucleus may be tenriaccording to the definition of
activity (Equation A.18), wher@a describes the activity of the particle prior to escaping the

supersaturated solution (or supercooled melt) @andlescribes the activity of a particle in a
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saturated solution (or melt at the melting temperaiiEgyation A.19)T is absolute temperature
andk is the Boltzmann constant. In the limit of near infinite dilution the aatsatianda* can be
approximated respectively by the concentrationsand c*, the ratio of which is the
supersaturation$ (Equation A.20). Alternate definitions fatu are employed when discussing

other nucleation phenomenon (Table A-1).

__4/37:r3

AG

oy Ap+4nry A.17

YA

crit

AGcryst
o

crit

s A“‘o N AGC’j’St (r)

Figure A-2. lllustration of the free energy (AGgys) profile of a growing crystal nucleus as a
function of crystal radius, r. The energy profile results from the sum of the energetic benefit
associated with a species changing phases, -Au * N, and the penalty associated with forming
an interface between the original and crystalline phase, y+ A. The profile goes through a
maximum, AGg, for crystals of size rgi. Crystals smaller than rg; are expected to dissolve
spontaneously, however, crystals larger than r;; are expected to grow spontaneously. The

formation of these crystals is discussed in the text.
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a:exp(A—‘uJ A.18
RT
_ 43nr® 2
AG == KT n( 3/ | +dmr’y A19
4 3
AGy =— /?z/m KT In(S)+4nr?y A.20

Equation A.20 describes a competition between the energetic bgaafiéd for particles
forming a new phase (e.g. a crystal) when they are driveursaturation and the energetic
penalty paid for forming an interface (e.g. the surface of thstal) between the new and old
phase. The energetic profile of a growing crystal nuclews fisnction of crystal size, and is
parameterized by the radius,Notably, this size-dependent profile passes through a maximum

free energy, which can be determined along with the correspondmgveendAG./dr = 0

Table A-1. Expressions for Ap, Equation A.17, for different nucleation events. All of these
expressions are contingent on the assumptions that the systems are ideal and that the
entropies and enthalpies of transitions are independent of temperature. The temperatures T; (i
= transition type) are the bulk thermodynamic transition temperatures, while T are the size-

dependent transition temperatures. The AH; are the enthalpies of the transitions, written as
positive numbers.

Nucleation Event Ap Alternate Ap
o AH e (Trapran = T)
Vapor condensation into a liquid (vap) vap/sub \ 'vap/sub
or solid (sub) kT In(p/p,) .
vap/sub
AHy (T =T
Crystallization from solution KT In (C/CO) = _(l_ = )
sol
AH, (T, -T
Bubble nucleation in liquid —kTIn ( p/ po) —%
b
AH "™ (T, -T)
Crystallization from melt - T
m
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(Equation A.21). Nuclei smaller than the size correspondinghte maximum dissolve
spontaneously, owing to increasing crystal free energy with deitrg crystal size, however,
nuclei larger than this size grow spontaneously. For these redalensize and corresponding
maximum free energy are known as the critical radiyg,(Equation A.22), and the critical
energy,AGgi: (Equation A.23), respectively. The free energy maximn@y;, is tantamount to

the energetic barrier that must be surpassed to achieve spontane@ligi@ysh.

dAG, Amr?
—— 0 _ 0=~ Zai KT In(S)+ 8,y A21
dr v
2vy
o= S A.22
“t " KTIn(S)
Amyr?
AG,, :% A.23

Additional discussion on classic nucleation theory can be found in Chapter 1.
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B-1: Synthesis of p-PS-PDMA Monoliths

The synthesis of the polylactide-poly(dimethyl acrylamide)-pgtgste (PLA-PDMA-
PS) triblock copolymers follow the procedure previously reported bgyd&z and
Hillmyer.>® Three batches of PS-PDMA-PLA triblock terpolymers were syitke in
order to generate monoliths with three different pore siz@sall syntheses, toluene was
passed through an activated alumina column and copper catalyst qotiommo use.
methylene chloride was dried in an M-Braun solvent purificatiotesysD,L-lactide was
purified by recrystallization from ethyl acetate. Dimetlgrylamide and styrene were

purified by passing the liquids through a short basic alumina copmonto use. The
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Appendix B: Fabrication of p-PS-PDMA Monoliths
chain transfer agent,S-1-DodecylS-(a,a’-dimethylw’-acetic acid)trithiocarbonate
(CTA) was synthesized according to the original procedéeother reagents were used

as received.

B-1.1: PSS PDMA-PLA, 14k-5k-23k

The first PS-PDMA-PLA triblock was synthesized as followns:air free flask with a
screw-on, Teflon top, and a Teflon stir bar were baked in an oven ovetmigiinove
residual water from the glass. In an air-free glove box, baleghol (0.036 mL, 3.5 x
10 mol ) and triethyl aluminum (1.0 M in heptanes, 0.175 mL, 1.5 % rh@l) were
added with 35 mL of toluene into the flask. The solution was stirrechigverto allow
the initiator to activate (appx. 16 hours). The next day, D,Ldadt g, 3.5 x 16 mol)
was added to the toluene solution in the glove box. The amount of Didelagtas
chosen such that a target molecular weight (~7 kg/mol) would bevachat ~50% D,L-
lactide conversion. The flask was sealed and removed to ambient condinohthen
stirred at 90 °C for 2 hours and 55 minutes. After this timel#s& fvas opened and 1M
HCI (5 mL) was added to quench the reaction. The mixture wagpjtaded in methanol,
redissolved in methylene chloride, and precipitated twice in peniféhe resulting white
powder was dried in a vacuum oven at 40 °C overnight. The yiel@ 8as (56%).H
NMR data collected for the powder in CR@&xhibited resonances &fppm) = 1.55 (3
lactide methyl protons, relative integratierb65), 4.35 (1 hydroxyl end group proton, rel

int. = 0.95) 5.2 (1 lactide tertiary proton, rel. irt.188), and 7.35 (5 Benzyl end group
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protons, rel. int. = 5). The resonances at 1.55 and 5.2 were smeared ovemaiphpx
0.2 ppm, signifying that the functional groups observed were components gfnaepol
chain. End group analysis revealed B 13.5 kg/mol, which was significantly higher
than the targeted molecular weight. Thg Mhich is almost twice the expected value for
~50% conversion, suggests that much of the benzyl alcohol either didtivateaor
deactivated before the polymerization. As a result, the prtipggehains of PLA were
able to grow longer than expected. Size exclusion chromatogré@PHCl; eluent)
revealed a monomodal size distribution witlh M14.7 kg/mol and PDI = 1.05, which
indicates the formation of PLA-OH.

The PLA-OH (2.5 g, 1.8 x 1Dmol) was dried under vacuum at 40 °C overnight to
ensure that any residual methanol and pentane had been removed fpmtyriesr. The
polymer was then dissolved in dichloromethane (100 mL) in a nitroted;fflame-
dried flask. Meanwhile, in a different flame-dried and nitrogked flask, oxalyl
chloride (1 mL, molar excess) and CTA (molar excess) werngedn with
dichloromethane (5 mL) and stirred for 2 hours. Gas bubbles evolved asdlyk ox
chloride reacted with the carboxyl end of the CTA to form an adidride. After the
bubbles stopped, the flask was evacuated and the volatiles were reteavedy behind
a yellow residue. The PLA-OH in GBI, was cannula transferred to the flask with the

residue and stirred for 48 hours. We note that diluting the PLA1OHD0 mL CHCI,
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facilitated the cannula transfer of the polymer, but slowed thetiom of the polymer
with the CTA compared with the original procedbteihe solution was precipitated in
methanol chilled by an ice bath. The precipitate was collectssblded in CHCI,, and
reprecipitated in pentane twice. The resulting off-white poWgetd = 2.4 g, 95%) was
dried overnight at 40 °C in a vacuum ovéa.NMR of the powder (in CDG) revealed
that the hydroxyl resonance aippm) = 4.35 was absent, whereas resonances
corresponding to the presence of CTA (two alkane protons, closest to the totio gn

the dodecane chaif:= 3.27 ppm; rel. int.= 2; benzyl alcohol = 5) were now visible. This
indicated >99% conversion of PLA-OH to the macromolecular chansfea reagent,
PLA-CTA.

The PLA-CTA was mixed with AIBN (2 mL of 56 mg AIBN dissed into 10 mL
DMF), PLA-CTA (2 g), and\,N-DMA (0.56 mL) in a pressure vessel with DMF (4 mL
total). After the PLA-CTA dissolved, the vessel was sealeddagdssed by three freeze-
pump-thaw cycles. The mixture was stirred at 60 °C for 45 minates, which it was
diluted with 4 mL CHCI, and precipitated in pentane three times. The resulting powder

(Yield = 1.4 g) was characterized after drying overnight atG°a vacuum overtH

i. We also note that other instances of this reacthat did not achieve >99% conversion of the byylr
end of PLA-OH to PLA-CTA, due to either contamirgim the vessel (such as residual water or methanol
or lack of reaction time. In these cases, we wble # reprecipitated the mixture of PLA-OH and RLA

CTA, and rerun the reaction to achieve completeversion.
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NMR: My ppova = 4.8 kg/mol. SEC: M= 19.0 kg/mol, PDI = 1.06. The characteristic
resonances for the six dimethyl protons of PDMA were locatéd=a2.9 ppm (rel int=
290 to benzyl alcohol's 5, corresponding tepha = 48) however, the backbone
hydrogen resonances were buried in the PLA methyl proton resondhaably, the
CTA resonance originally at 3.27 ppm remained (rel. int. = 1.6 toybahzohol 5.0;
expected int: 2.0), though it shifted to 3.35 ppm in this spectra. htisated that
approximately 80% of the PLA-PDMA chains still possess the GImdl group.
Collectively, these data indicate the formation of a diblock copolyfeA-PDMA-
CTA, with component molecular weights of 14k-5k g/mol.

The last block was added by dissolving PLA-PDMA-CTA (1.4 g) in btykese (6
g), degassing with three freeze-pump-thaw cycles, and stilengnixture at 120 °C for 4
hours. The resulting solution was extremely viscous and was no longérrbd by the
stirbar, so it was diluted in GBI, and precipitated in pentane. A white powder was
obtained after two more precipitations in pentane, and was subsequéedlywkernight
at at 70 °C in a vacuum oven (yield = 2.2').NMR: M, ps= 23.4 kg/mol, determined
from the integrations of resonances at 6.6 ppm and 7.1 ppm, which correspotwied to
and three aromatic protons per styrene repeat unit, respec®&d;. M, = 45.6 kg/mol,
PDI = 1.19. Total molecular weights: 14k-5k-23k PLA/PDMA/PS.

The PLA-PDMA-PS copolymer was compressed in a flat die ntdl@@ °C and 1000
psi for 10 minutes in preparation for channel-die alignment. The cosgargsolymer

was then pressed in a channel die (Figure B-1) at 130 °C and 100@epsine hour to
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allow for shear alignment of the phase domémafter alignment, the monoliths were

Figure B-1. A channel die, such as the one used to press the PLA-PDMA-PS triblocks into
monoliths. Photograph provided by Ms. Elizabeth Jackson. Used with permission.

generally transparent. This quality was characteristic of ntheolith well-aligned
cylindrical PLA domains, and opaque monoliths tended to exhibit poor alignment.
Prior to etching the PLA component from the monolith, small-angiayXscattering
(SAXS) of the aligned triblocks revealed Bragg peaks consistéht lexagonally-
packed PLA cylinders with diameters of 22 nm = 2 nm, where the eoroesponds to
the pore diameters expected at g*c+(c = one standard deviation of the intensity
distribution about g*). These cylinders are surrounded by a PDMAgli@pproximately
1.7 nm thick, based on the PDMA volume fraction) and a PS matrix.eXtemt of
cylinder orientation in the triblock monoliths, as given by the secoddr arientation
factor F, (Equation B.1), was determined from the 2-D SAXS data usiegidrmalized

orientation distribution functiorP(¢) (Equation B.3), wheres is the azimuthal angle

around a circle of constagtandl(g*,¢) is the scattering intensity at the primary Bragg
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peak, g*.° Early samples, such as those used to study the polymorphism afeglyc
(Chapter 3), exhibite&, ~ 0.8, but after studies were initiated to optimize the alignment
of these monoliths;, =~ 0.94 were achieved (see below). The samples were then etched
for 5 days in a 65 °C solution of 0.5 M NaOH in 50/50 MeODHafter which'H NMR
confirmed complete removal of the PLA. SAXS measurements of {A8-PDMA
monoliths obtained after chemical etching of the PLA block confirnegehtion of the
alignments of the monoliths. The cylinder diameter inferred froen $AXS data is
equivalent, within error, to the 20 nm diameter measured by SEMréB2), which is

reduced from the actual value by the platinum coating.

F,=1-3(cosp)’) B.1
<(cos<|>)2> - jo“ (co® IP ¢ )sivdo B.2
P(6) = L(q*, 9)g*° B.3

[, @, 9)a*?sin ¢d¢

B-1.2: PSS PDMA-PLA, 9k-2k-20k

The synthesis of the second PS-PDMA-PLA triblock followed the ganmeedure as
the first, but with a lower target molecular weight. Triet@jdiminum (240uL) and
benzyl alcohol (5QuL) were mixed in 35 mL toluene and stirred overnight. 5g of D,L-

lactide was added, and the reaction was stirred at 90 °Gnvéorhours and twenty
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minutes. After this time, 5 mL of 1M HCI was added to quench déaetion, and the

o, ot

Figure B-2. lllustrative SEM image of an aligned, etched monolith prepared from 14k-5k-23k
PLA-PDMA-PS. Inset: Monolith at higher magnification. The light portions of the SEM image
are portions of the PS matrix that were plastically deformed when the monolith was cleaved
with a razorblade. This deformation can be avoided by cooling the monolith in liquid nitrogen

before cleaving.

product was precipitated in cold methanol. The precipitate was obdidsn CHCI, and
precipitated in pentane. The white powder that resulted was driedigivieat 50 °C in a
vacuum oven, and yielded 2.5 g. AnalysistdfNMR spectra collected for the powder
(in CDCL) indicated the formation of PLA-OH wittH NMR: 8.5 kg/mol. SEC (THF
Eluent) produced M= 9 kg/mol and PDI = 1.06.

The entirety of the PLA-OH was reacted with excess Cd@oaling to the procedure
described abovéH NMR spectra collected after precipitation and drying indicated >99%

conversion of PLA-OH to PLA-TC (Yield = 1.7 g, 68%).
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The target molecular weight for PDMA was 2 kg/mol, whichresponded to 1.7 g of
N,N-DMA assuming 25% conversiomMN,N-DMA (1.8 mL, 1.73g) and 0.017 g AIBN
were mixed in 8 mL DMF, degassed by three freeze-pump-theles;yand stirred for 15
minutes at 60 °C. After precipitation and drying, 1.52 g of white PDMA-CTA
powder was obtainedH NMR: M, ppwa = 2.0 kg/mol, and SEC: Mo = 9.3 kg/mol,
PDI = 1.08. Total molecular weights were PLA-PDMA: 9k-2k g/mol.

The entirety of the PLA-PDMA-CTA powder was dissolved in bulkestg (7.3 g).
The target molecular weight for PS was 25 kg/mol at 50% styr@meersion. After three
freeze-pump-thaw cycles, the reaction mixture was stirred2ét °C for 4 hours.
Subsequent precipitation yielded 2.74 g of solid, #9dNMR indicated that M = 14
kg/mol. We suspected this polystyrene block might be too smatidiace cylindrical
morphology, so the entirety of the material (2.74 g) was addedl tonll styrene,
degassed, and stirred at 120 °C for 3 hours and 45 minutes. Aftamiijghe solution
was diluted with CHCI, and precipitated in cold methanol. Subsequent precipitations in
pentane produced a white powder (Yield: 3.4 g after dryittg)NMR: M, ps= 19.7
kg/mol, and SEC: PDI = 1.26. A small shoulder on the SEC trace $addhe presence
of styrene homopolymer. The total molecular weights for thisorkoivere PLA-PDMA-
PS: 9k-2k-20k g/mol.

The PLA-PDMA-PS copolymer was pressed in a flat die molB&at°C and 1000 psi
for 10 minutes in preparation for channel-die alignment. The prgxdgoher was then

shear aligned in a channel die at 120 °C over one hour to allow for pbassn
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alignment.'H NMR indicated complete removal of PLA after etching. SEididated
large domains of well-ordered hexagonally packed cylinders with apmaitedy 10 nm
diameters (Figure B-3). The pore diameter and quality of orientatere corroborated
by SAXS data, withF, = 0.80. SAXS also suggested an average pore size of
approximately 10 nm. Notably, alignment of these triblocks did not pedtientations
of the quality observed for the 18k-5k-23k triblock. This could be attribatéiet lower
press temperature not providing enough mobility to the polymer, dowex molecular
weights not generating enough driving force for highly ordered eplseparation.
Nevertheless, these monoliths exhibited uniform pore size suitabléhdostudy of
crystallization under nanoconfinement; however, their degree of aligraitenot permit

for reliable measurement of the orientation of nanocrystals emibedihin them.

Figure B-3. SEM image of the porous surface of an etched p-PS-PDMA monolith with ~10 nm
pore diameters, prepared from 9k-2k-20k PLA-PDMA-PS.

232



Appendix B: Fabrication of p-PS-PDMA Monoliths

B-1.3: PS-PDMA-PL A 30k-18k-125k

The synthesis of the third PS-PDMA-PLA triblock followed a samprocedure as the
first two, but with a higher target molecular weight. Trietalgyiminum (0.175 mL, 1.5 x
10 mol) and benzyl alcohol (3.5 x tanol) were stirred in toluene (35 mL) overnight.
The following day, D,L-lactide (10 g, double the concentration of tribkiokwas added,
the reaction vessel was sealed, and the solution was stirg&d°ax for 4.5 hours. The
reaction was quenched with 1M HCI and precipitated in cold methanolreBution
yielded 6 g of white PLA-OH powder after drying. 1H NMR; M 30 kg/mol. SEC: M
= 32 kg/mol (THF eluent), PDI = 1.07.

The entirety of the PLA-OH was reacted with excess Cé@oaling to the procedure
described abovéH NMR spectra collected after precipitation and drying indicated >99%
conversion of PLA-OH to PLA-TC (Yield = 3.5 g, 58%).

The target molecular weight for PDMA was 10 kg/mol, which nexglB.7 g ofN,N-
DMA assuming 25% conversiotN,N-DMA (3.8 mL, 3.7 g) and 0.010 g AIBN were
mixed in 20 mL DMF, degassed by three freeze-pump-thaw cyaldsstared for 70
minutes at 60 °C. After precipitation and drying, 5.6 g of chunky whRiitA-PDMA-
CTA solid was obtained*H NMR: My powa = 18.0 kg/mol, and SEC: Mow = 36
kg/mol, PDI = 1.11. Total molecular weights were PLA-PDMA: 30k-18k g/mol.

In order to achieve cylindrical morphology in the final tribloakP?S volume fraction
of ~0.6-0.75 was desired. This corresponded to a targeif M100 kg/mol. Due to the
gelation of bulk styrene reactions at molecular weights famb&0D0 kg/mol (such as in
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the reactions described above), we opted to add PS to 30k-18k PLA-RIOMAby
reaction in solution. 5.6 g of PLA-PDMA-CTA was dissolved in 56 mL & AIBN
(0.010 g) and styrene (25.5 mL) were added, and the vessel wasawhldegassed by
three freeze-pump-thaw cycles. Subsequently, the solution wasl strd 20 °C for 46.5
hours. The reaction was diluted with 20 mL £ and precipitated in methanol, and
then the collected product — a hard, white solid — was dried overnigti &€ (11 g
yield). *H NMR: M, ps= 125 kg/mol, and SEC: PDI = 1.80. The total molecular weights
for this triblock were PLA-PDMA-PS, 30k-18k-120k g/mol.

The PLA-PDMA-PS copolymer was pressed in a flat die moldZ@t°C and 1000 psi
for 10 minutes in preparation for channel-die alignment. The prexdgoher was then
shear aligned in a channel die at 170 °C over one hour to allow for pdoasan
alignment. Temperatures lower than this, such as those useéds®tpe 20 nm and 10
nm p-PS-PDMA samples described above, did not grant the triblock enalmltyrfor
pressing.*H NMR indicated complete removal of PLA after etching. SEMidated
domains of poorly-ordered, irregular pores (Figure B-4). SAXia davealed~, < 0.6.
The alignment of this triblock was attempted at 150 °C and 190 i€, naither
temperature afforded better monolith alignment. Notably, all ofribeoliths produced
from this triblock were completely opaque, whereas well-alignedatiths are semi-
transparent. Due to the poor alignment of this monolith, which most likegd to the
high molecular weight (and hence, poor mobility) of the constituent mlyahocks, this

monolith was not used for crystallization studies.
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Figure B-4. lllustrative SEM image of a pressed and etched p-PS-PDMA monolith prepared
from 30k-18k-125k PLA-PDMA-PS.

B-2: Domain Alignment from Channel Die Pressing of PS-PDMA-PLA'"

We undertook a study to determine the best pressing conditions fohaheet-die
alignment of PS-PDMA-PLA monoliths, using the 20 nm-pore triblockA\PIDMA-PS:
14k-5k-23k) described above. Samples were pressed at 120 °C, and every 10 °C hotter, up
to 180 °C. Greater temperatures resulted in discoloration of the mho(tbky turned
from yellow to brown), probably due to decomposition of the PLA componesdsiAg
was performed by allowing the channel die to warm in the lwjidr&ot press for 20

minutes, then slowly closing a hydraulic press by 2-3 mm evermib@tes until the

" This work was performed jointly by the author @ Eric Todd.
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monolith protruded from the sides of the die. The pressing proesssally took one
hour. Alignments corresponding & ~ 0.8 were achieved at most of the temperatures
examined. Notably, at 160 °C, the triblock was pressed slowly byvéight of the
channel die alone — the hydraulic press was not needed to exsstngrealthough it was
still used to keep the die level. This slow, steady flow wasd to be optimal for
alignment, and so subsequent studies were performed by pressing at thiatienap€ne
monolith could be aligned in this manner at higher temperatures, biéshalignments
were observed for samples pressed at 160 °C. We note that thisatiemges dependent
on both molecular weight and polymer composition.

Some samples were annealed in the channel die for 1 - 2 datarioyg the sample in
a vacuum oven at ~170 °C. We suspected that annealing improved theeatigrirthe
monoliths, but comparisons between monolith alignments before and aftealiag
were impossible because the samples had to be removed from thel charfioe the
SAXS experiments required to determie The monolith pieces with the highest degree
of alignment F, > 0.90), however, came exclusively from annealed samples,
consequentially, annealing the samples was performed regulgrbrtasf the alignment
process.
In addition to examinations of the effect of press temperatureaanealing on domain
alignment, we also examined the distributioreffactors for a monolith throughout the
length of the channel die. We expected that the ends of the pressedtimaviach

underwent the greatest degree of extensional flow, would exhibiteabtic higherF;
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values than the middle of the monolith. Our examination revealed thakegtaligned
portions of the monolith were located at the end (Figure B-5), viewvéhe degree of

variability in the alignment of the samples across the kenfithe channel die appeared

random.

14k-5k-23k PLA-PDMA-PS
Pressed at 160°C over 1 hour
Annealed for 2.5 days at 170°C

6 mm 6 mm 7 mm 8 mm 6 mm 7 mm 6 mm

>1.5 mm

Figure B-5. Schematic illustrating F, values obtained as a function of channel die position for

p-PS-PDMA monoliths prepared from 14k-5k-23k PLA-PDMA-PS.

One possible cause of the random alignment quality in the monolitited be drag
caused by the channel die during the polymer extensional flow. Consiedjye we
examined the effects of applying various lubricants to the chaneebmimonolith
alignment. The two main lubricants examined were silicon oil anasakeTeflon spray.
Each of these lubricants was applied to the channel die aslayinand wiped off with
a paper towel to leave a slight residue. The monoliths were tlemseat as normal.
Notably, the use of either lubricant greatly improved the quality regularity of the
orientation over the length of the channel die (Figure B-6). Furtherrttue orientations

were superior for portions of the monolith that were not at the center.
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14k-5k-23k PLA-PDMA-PS
Pressed at 160°C over 1 hour
Annealed for 2.5 days at 170-180°C

F2
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Figure B-6. Schematic illustrating F2 values obtained as a function of channel die position for
p-PS-PDMA monoliths prepared from 14k-5k-23k PLA-PDMA-PS, using a small amount of

silicon oil as a lubricant.

B-3: Characterization Methods

Nuclear magnetic resonance (NMR) analysis was performeduarian Inova VI-500
spectrometer (Varian Inc., Palo Alto, California) in deuteratddoroform at
concentrations of approximately 1%. Size-exclusion chromatograph@) (8&a were
obtained using a Hewlett-Packard 1100 series liquid chromatograph (HEad&ard,
Inc., Palo Alto, California) equipped with Jordi polydivinylbenzene colsirwith pore
sizes of 10000, 1000, and 500 angstrom as well as a Hewlett-Packard rEdréichive
index detector (Hewlett-Packard, Inc., Palo Alto, Californ@Z)loroform was used as a
mobile phase, at 35 °C with a flow rate of 1 mL/min, unless otherwtted. The
instrument was calibrated with polystyrene standards. SAXS iexgr@is were run on a

home-built beam line at the University of Minnesota Charactesiz&tacility, and SEM
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was performed on a JEOL 6500 SEM at the University of MinnesotaaQbéazation

Facility.

B-4: Concluding Remarks

This appendix has been dedicated to the study of the monolithsaupedfdrm the
bulk of the work discussed in this thesis. The synthesis of PLA-PIPAtriblock
terpolymers and their subsequent fabrication into porous monolithstrarghtforward,
however, obtaining porous monoliths with a high degree of pore alignmmastmuch art
as science. The syntheses described above reveal that nablattktrcompositions
conducive to forming cylinders result in well-aligned cylindersrti@rmore, the
technique used to press the sample plays as much of a role inidetgrthe final
orientation as the triblock composition. It is our hope that future neds&s find this

information useful in their own work.

B-5: References

1. Rzayev, J.; Hillmyer, M. A. Nanoporous Polystye Containing Hydrophilic Pores from an ABC
Triblock Copolymer Precursokacromolecules 2005, 38, 3-5.

2. Rzayev, J.; Hillmyer, M. A. Nanochannel Arralaflics with Tailored Surface Chemistry. Am.
Chem. Soc. 2005, 127, 13373-13379.

3. Lai, J. T.; Filla, D.; Shea, R. Functional Robrs from Novel Carboxyl-Terminated Trithiocarb@sat
as Highly Efficient RAFT AgentdMacromolecules 2002, 35, 6754-6756.

4. Zalusky, A. S.; Olayo-Valles, R.; Wolf, J. Hjllmyer, M. A. J. Am. Chem. Soc. 2002, 124, 12761-
12773.

239



Appendix B: Fabrication of p-PS-PDMA Monoliths

Wolf, J. H.; Hillmyer, M. ALangmuir 2003, 19, 6553-6560.

Sakurai, S; Aida, S.; Okamoto, S.; Ono, T.; kmaii, K.; NomuraS. Preferential Orientation of
Lamellar Microdomains Induced by Uniaxial Stretghirof Cross-Linked Polystyrene-block-
polybutadiene-block-polystyrene Triblock Copolynidiacromolecules 2001, 34, 3672-3678.

240



	BDH Thesis Title and TOC
	BDH Thesis Chapter 1
	BDH Thesis Chapter 2
	BDH Thesis Chapter 3
	BDH Thesis Chapter 4
	BDH Thesis Chapter 5
	BDH Thesis Complete Bibliography
	BDH Thesis Appendix A
	BDH Thesis Appendix B



